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Introduction 


Prostate  cancer  is  challenging  to  assess  with  standard  ultrasound.  Our  team  has  recently 
demonstrated  a  new  approach  of  ultrasound  imaging  that  uses  a  contrast  agent  with  a  dual¬ 
frequency  transducer  to  produce  high  resolution  images  of  microvascular  structure.  It  is 
hypothesized  that  microvascular  structure  and  density  are  related  to  degree  of  cancer,  and  that 
this  new  imaging  approach  may  help  us  assess  prostate  cancer.  However,  to  date,  there  are  no 
dual-frequency  transducers  designed  for  prostate  cancer  imaging  that  can  perform  this  high- 
resolution  imaging  approach.  The  objective  of  the  proposed  research  is  to  design  and  test  a  dual¬ 
frequency  transducer  specifically  for  prostate  cancer  imaging  using  contrast  agents. 


Keywords 

Ultrasound,  acoustic  angiography,  dual-frequency,  transducer,  contrast  agents,  prostate 


Acronyms 

PC-MUT  Piezo  Composite  Micromachined  Ultrasound  Transducer 

TRUS  Trans  Rectal  Ultrasound 

KLM  Krimholtz-Leedom-Matthaei 

PMN-PT  Lead  Magnesium  Niobate-Lead  Titanate 
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Accomplishments 


The  original  tasks  as  proposed  are  listed  in  blue,  and  the  following  black  text  details  progress 
towards  these  tasks. 

Aim  1 )  Develop  a  new  type  of  dual-frequency  PC-MUT  co-linear  array  with  broad  bandwidth 
to  enable  a  new  dual-frequency  imaging  technology  for  high-resolution,  high  sensitivity 
nonlinear  transrectal  contrast  imaging. 

Task  1  PC-MUT  co-linear  array  design  (Months  1-12) 

Extensive  modeling  will  be  performed  to  design  ID  and  2D  dual  frequency  (5  MHz/20  MHz)  co- 
linear  arrays.  The  pressure  field  with  amplitude  >  2  MPa  at  a  few  cm  depth  is  expected  from  a  5 
MHz  array  for  effective  microbubble  excitation.  A  20  MHz  PC-MUT  with  -6dB  bandwidth  > 
90%  will  be  developed  as  the  receiver  and  integrated  with  the  5  MHz  transmitter  for  TRUS 
contrast  imaging. 

Methods  and  Results  for  Task  1; 


Design  of  single-element  ID  PC-MUT  transducers: 

A  single  element  dual  frequency  transducer  was  developed  first  to  verify  the  detection  of  super 
harmonic  responses  from  microbubbles  excited  by  low  frequency  ultrasound.  The  low  frequency 
transmitter  for  contrast-enhanced  super  harmonic  imaging  is  required  to  exhibit  not  only  high 
negative  pressure  but  also  short  ringing  near  the  resonant  frequency  of  microbubbles  (Ma  2014, 
Martin  2014).  However,  due  to  the  spatial  and  frequency  limitation  in  many  interventional 
ultrasound  imaging  probes,  a  conventional  transmitter  design  with  a  thick  and  lossy  backing 
layer  for  a  short  ringing  at  a  low  frequency  is  not  practical.  Therefore,  a  new  design  concept 
considering  optimal  matching,  backing,  and  isolation  layers  as  well  as  the  active  layers  is 
required  for  the  dual-frequency  ultrasound  enabled  super  harmonic  imaging. 

The  schematic  design  of  the  single  element  dual-frequency  transducer  is  shown  in  Figure  lError! 
Reference  source  not  found..  In  this  research,  the  low  frequency  transmitter  without  backing 
material  was  designed  to  reduce  the  total  thickness.  To  redeem  a  narrow  bandwidth  due  to  the 
absence  of  the  backing  layer,  1-3  piezoelectric  composite  was  used  as  an  active  material  of  the 
transmitter.  In  the  aspect  of  the  receiver,  wideband  performance  is  also  required  for  the  efficient 
detection  of  the  high-frequency  and  broadband  harmonics  scattered  from  micro-bubbles.  Thus, 
the  1-3  piezo  composite  was  used  for  a  receiver  with  broad  bandwidth.  If  both  transmitter  and 
receiver  are  made  of  piezoelectric  composites  with  relatively  low  acoustic  impedance  (~19 
MRayl),  the  isolation  layer  between  the  low  frequency  transmitter  and  the  high  frequency 
receiver  should  be  carefully  designed  for  efficient  acoustic  wave  propagation.  Due  to  the  low 
acoustic  impedance  of  the  composites,  conventional  epoxy  materials  based  isolation  layer  design 


5 


cannot  make  a  large  enough  impedanee  differenee  at  the  boundary  between  two  composites 
(Kim  2014,  Ma  2014).  Therefore,  a  dual-layer  design  was  adopted  for  the  isolation  layer. 


Figure  1.  Schematic  view  of  a  dual  frequency  TRUS  transducer  design  (Kim  2014). 

Single  element  design  with  KLM  modeling 

The  dimensions  of  each  part  were  designed  by  using  a  Krimholtz-Leedom-Matthaei  (KLM) 
model.  Although  our  original  proposal  involved  a  5  MHz  transmitter,  we  have  revised  our  design 
to  utilize  a  2  MHz  transmitter  based  on  more  recent  data  showing  improved  signal  to  noise  at 
this  lower  frequency.  The  material  properties  and  dimensions  of  designed  components  are  listed 
in  Error!  Reference  source  not  found..  A  steel  shim  was  used  as  a  second  isolation  layer  which 
is  next  the  transmitter  due  to  its  high  aeoustie  impedanee  (~50  MRayl).  The  large  differenee 
between  aeoustie  impedance  of  isolation  layers  1  and  2  can  provide  a  strong  refleetion  of 
reeeived  high  frequency  waves  at  the  boundary.  Although  this  reflection  may  slightly  reduce  the 
reeeiving  bandwidth,  the  isolation  layers  would  block  the  wave  transmission  to  the  transmitter 
and  backseattered  wave  from  the  backside  of  the  transmitter.  The  thiekness  of  both  isolation 
layers  was  seleeted  as  a  quarter  wavelength,  and  then  adjusted  by  analyzing  pulse  eeho 
amplitude  and  bandwidth  using  the  KLM  model.  The  simulation  results  are  shown  in  Error! 
Reference  source  not  found..  A  slight  degradation  of  the  transmitting  performanee  can  be 
estimated  due  to  isolation  layer  in  front  of  the  radiation  area,  but  its  area  is  just  small  portion  of 
the  low  frequency  radiation  area  (~14  %).  Moreover,  the  thickness  of  the  isolation  layer  is 
negligible  (less  than  1/20  wavelength)  of  the  for  the  designed  low  frequency  transmission. 


Table  1.  Parameters  of  single  element  dual  frequency  transducer. 


Material 

Density 

(kg/m^) 

Aeoustie 

impedance 

(MRayl) 

Dimension 

(mm^) 

Transmitter 

1-3  composite 

5300 

19.1 

3.8x8.0x0.71 

Reeeiver 

1-3  composite 

5450 

20.0 

2.0x2.0x0.08 

Matehing  layer 

AhOs/epoxy 

2900 

5.80 

3.8x8.0x0.30 

Isolation  layer  1 

E-solder  3022 

2600 

5.50 

2.0x2.0x0.05 
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Isolation  layer  2 

Steel 

8840 

51.7 

2.0x2.0x0.08 
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Figure  2.  Impulse  responses  from  KLM  model  for  the  single  element  dual  frequeney  TRUS  transducer;  (a)  impulse 

results  for  the  transmitter  (b)  impulse  results  for  the  receiver. 


The  peak-to-peak  voltage  and  -6dB  bandwidth  were  for  both  transmitter  and  receiver  were 
calculated  from  the  pulse-echo  modeling  results.  The  transmit  excitation  response  was  calculated 
using  KLM  model  to  estimate  the  achievable  peak  negative  pressure  value.  The  calculated  peak 
negative  pressure  was  6.1  kPa  with  the  2  cycles  of  1  Vpp  sinusoidal  excitation,  thus  about  1.8 
MPa  negative  pressure  can  be  generated  with  2  cycles  of  300  Vpp  sinusoidal  excitation.  The 
designed  transmitter  showed  the  loop  sensitivity  of  3.4  mVppA^  and  the  -6dB  fractional 
bandwidth  of  61.2  %.  The  high-frequency  receiver  exhibited  the  sensitivity  and  bandwidth  of  12 
mVppA^  and  49.3  %,  respectively.  Based  on  previous  experimental  results,  it  is  reasonable  to 
develop  a  dual  frequency  linear  array  with  the  same  configuration  utilizing  a  2  MHz  transmitter 
and  20  MHz  receiver  (Kim  2014). 


Multi  element  array  design  and  modeling 


In  array  design,  the  number  of  active  elements  is  limited  by  the  imaging  system,  thus  the  element 
pitch  and  total  aperture  size  was  designed  by  considering  imaging  system  limitations  and  the 
maximum  acceptable  probe  dimensions  for  transrectal  ultrasound.  Also,  the  TX  and  RX 
elements  need  to  be  physically  separated  while  also  sharing  the  same  aperture,  the  array 
transducer  was  designed  using  a  stacked  configuration  (Figure  3).  The  RX  and  TX  were  coupled 
with  isolation  layer  (E-solder  conductive  epoxy),  which  also  served  as  common  ground.  To 
improve  the  transmission  sensitivity,  air  backing  was  used  for  the  low  frequency  array  (Li  2015). 


•  •  • 


Rx  element 


Tx  element 


PZT 


E-solder 


Figure  3  Schematic  of  array  transducer  (Li  2015) 
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The  KLM  model  was  used  to  estimate  the  performance  of  elements  in  the  linear  array.  PZT 
ceramic  (CTS  3203HD,  CTS  Corporation,  Elkhart,  Indiana,  USA)  and  2-2  composites  were 
selected  as  the  active  material  for  TX  and  RX.  The  pulse-echo  performance  of  TX  at  3  MHz  and 
RX  at  15  MHz  were  modeled  considering  different  element  size  and  materials.  Low  frequency 
transmitting  (3  MHz)  and  high  frequency  receiving  (15  MHz)  configurations  were  simulated 
separately  (Figure  4). 
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Figure  4  Pulse-echo  response  of  low  frequency  (3  MHz)  element  (left)  and  high  frequency  (15  MHz)  element  (right). 


An  isolation  layer  of  E-solder  epoxy  was  used  to  improve  the  performance.  Due  to  the  selected 
element  pitch  and  aperture  design,  the  piezoelectric  layers  were  operated  in  pure  sliver  mode  for 
the  low  frequency  (TX)  elements  and  in  2-2  composites  sliver  mode  for  the  high  frequency  (RX) 
elements.  To  minimize  interference  between  TX  and  RX  elements,  a  A,/4  layer  of  E-solder  were 
added.  The  detailed  parameters  and  corresponding  simulation  results  were  summarized  in  Table 
2Error!  Reference  source  not  found.. 


Table  2  Design  parameters  of  co-linear  array 


Property 

Value 

Aperture 

8  mm  by  1 8  mm 

Working  mode 

Transmitting 
(3  MHz) 

Receiving 
(15  MHz) 

Pitch 

280  pm  (0.5  X) 

140  pm  (1  Z) 

Element  number 

64 

128 

Material 

PZT 

2-2  composites 

The  pressure  field  was  then  investigated  for  the  array.  Field  II,  a  Matlab  toolkit,  was  used  for  the 
field  simulation  to  determine  the  pitch  size  and  group  firing  scheme.  Figure  5  shows  the  pressure 
information  in  3  MHz  transmitting  (left)  and  15  MHz  receiving  (right).  The  focus  was  set  at  35 
mm  far  from  the  probe.  With  phased  delay  set-up,  the  -6  dB  beam  width  at  low  frequency 
reaches  1.4  mm,  and  0.5  mm  at  high  frequency  receiving  (Li  2015). 


z  |mml  z  [mm] 


(a) 


(b) 


Figure  5  Simulation  of  beam  profile  in  3  MHz  transmitting  (a)  and  15  MHz  receiving  (b),  focus  at  40  mm. 


Task  2  Dual  frequency  PC-MUT  co-linear  array  fabrication  (Months  4-21) 

Dual  frequency  co-linear  array  fabrication  processes  will  be  developed  under  this  task  for  dual 
frequency  co-linear  array  prototyping.  At  the  end  of  this  task,  a  co-linear  array  with  64-element  5 
MHz  ID  array  and  128-element  20  MHz  ID  array  will  be  fabricated  for  demonstration  of  dual 
frequency  PC-MUT  co-linear  array  technology. 

Subtask  2.1  1-3  piezocomposite  fabrication  (Months  3-6) 

The  fabrication  of  20  MHz  PC-MUT  receivers  will  follow  the  standard  PC-MUT  fabrication 
process.  For  the  5  MHz  PC-MUT  transmitter,  PIN-PMN-PT  1-3  composite  will  be  fabricated 
using  dice-and-fill  process.  The  electromechanical  coupling  coefficient  of  fabricated  1-3  piezo 
composites  are  expected  to  be  >0.75. 

Subtask  2.2  Multilayering  process  (Months  6-12) 

Conductive  through-wafer-vias  (TWV)  process  will  be  developed  for  multilayer  transducer 
demonstration.  Bonding  process  for  single  layer  and  multilayer  dual  frequency  co-linear  array 
fabrication  will  be  developed  under  this  subtask. 

Subtask  2.3  Dual  frequency  co-linear  array  prototyping  (Months  12-21 ) 

The  5  MHz  composite  layer  will  be  fabricated  first,  followed  by  attachment  of  the  20  MHz 
receiver  and  matching  layers.  The  bonded  co-linear  array  acoustic  stack  will  then  be  wired  and 
tested. 

Methods  and  Results  for  Task  2; 


Prototype  dual-frequency  piezoelectric  composite  (PC-MUT)  single  element  fabrication 
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Based  on  the  design  parameters,  the  prototypes  of  dual  frequency  transducer  were  fabricated.  At 
first,  the  dual  isolation  layers  were  fabricated  using  E-solder  and  a  steel  shim.  The  E-solder  (Von 
Roll  Isola,  Inc.,  New  Haven,  CT)  was  pasted  on  the  one  side  of  the  steel  shim  which  has  a 
designed  thickness  of  80  pm  and  cured  for  10  hours  at  45°C,  and  then,  shaped  to  2.0  x  2.0  mm^ 
which  is  similar  to  the  size  of  the  receiver  aperture.  The  E-solder  side  was  lapped  down  to  the 
designed  thickness  of  50  pm.  The  steel  side  was  attached  to  the  low  frequency  transmitter  and  E- 
solder  side  was  attached  to  the  high  frequency  receiver  using  Epo-tek  301  (Epoxy  Technology 
Inc.,  Billerica,  MA).  For  the  transmitter,  PMN-PT/epoxy  1-3  composites  with  the  volume 
fraction  of  65  %  and  a  pitch  of  430  pm  was  used.  Another  1-3  composite  (volume  fraction  of 
75  %  and  a  pitch  of  60  pm)  was  used  as  a  receiver  material.  The  matching  layer  material  (Epo- 
tek  301  mixed  with  0.3  micron  AI2O3  powders)  was  poured  on  the  front  side  of  the  transmitter 
submerging  the  receiving  part.  The  cured  matching  layer  part  was  then  lapped  until  the  high 
frequency  composite  part  was  exposed.  The  gold  electrode  was  next  deposited  on  the  lapped 
surface  to  form  a  common  ground.  The  matching  layer  of  the  receiver  was  fabricated  using  the 
similar  process  of  transmitter’s  matching  layer  fabrication.  The  back  side  of  the  low  frequency 
composite  was  attached  to  the  tip  of  a  syringe  which  is  used  as  a  support  fixture.  As  a  final  step, 
the  wires  were  connected  and  both  high  and  low  frequency  composites  were  re-poled.  Figure  5 
shows  the  fabricated  prototypes.  The  difference  between  prototype  1  and  2  is  the  aperture  size  of 
the  receiver.  The  receiving  aperture  of  prototype  1  was  modified  to  3. 8x2.0  mm^  from  the 
designed  dimension  in  Table  1  to  validate  the  appropriate  size  of  the  receiver  in  a  stacked  dual¬ 
frequency  transducer  structure,  whereas  the  receiving  aperture  of  prototype  2  was  2. Ox 2.0  mm^ 
(Kim  2015) 


Figure  6.  Photograph  pictures  of  dual-frequency  transducer  prototypes. 


Prototype  dual-frequency  PC-MUT  array  fabrication 

A  prototype  of  the  dual-frequency  array  was  fabricated  according  to  the  design  parameters.  First, 
a  PZT  plate  of  500  pm  (for  low  frequency  TX)  was  cleaned  and  deposited  with  Ti/Au  on  both 
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sides.  The  top  electrode  was  then  attached  with  the  conductive  epoxy  (E-solder  3022,  Von  Roll 
Isola,  Inc.  New  Haven,  CT).  The  material  was  cured  at  room  temperature  for  24  hours.  After  E- 
solder  was  carefully  lapped  to  30  pm  thick,  the  RX  material,  2-2  composites,  was  bonded  to  the 
TX  layer  using  Epo-Tek  301  (Epoxy  Technologies,  Billerica,  MA),  and  then  lapped  to  the 
thickness  of  100  pm  for  15  MHZ  resonance  (Figure  7).  Finally,  the  conductive  layer,  Ti/Au,  was 
sputtered  to  the  top  receiving  layer. 


JPZT  2-2  Cortiposite« 


ISDiatlOT  lay^  ^ 


A,  '  ^ 

PZT  Ctranilcs  ' 


100  i-im 


Figure  7  The  photograph  of  the  multi-layer  stack,  side  view  (left)  and  top  view  (right). 


The  flex  circuits  for  TX  and  RX  were  then  bonded  to  both  sides  of  the  stack.  After  the  epoxy 
was  fully  cured,  the  dicing  process  was  performed  according  to  the  pitch  design.  Finally,  the 
array  was  interconnected  with  the  PCB  for  the  further  test  (Figure  8,  Li  2015). 


Array 

Aperture 


5  mm 


Figure  8  Photograph  pictures  of  dual-frequency  array  prototype. 


Task  3  Characterization  of  dual  frequency  PC-MUT  co-linear  array  (Months  15-27) 

Electrical  and  acoustic  characterizations  will  be  performed  under  this  task  to  evaluate  the 
prototyped  dual  frequency  co-linear  array. 

Subtask  3.1  Electrical  characterization  (Months  15-21 ) 
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Resonant  frequency,  capacitance,  and  electrical  impedance  of  single  element  and  a  group  of 
elements  will  be  measured  using  an  impedance  analyzer.  The  measured  values  will  be  compared 
with  the  modeling  results. 

Subtask  3.2  Acoustic  characterization  (Months  21-27) 

Transducer  characterization  will  be  performed  under  this  subtask.  The  prototype  array  will  be 
driven  with  the  multi-channel  Verasonics  programmable  ultrasound  pulser/receiver).  Pulse-echo 
and  hydrophone  (HNC-0200,  Onda  Corp)  characterization  will  be  performed  in  water  tank  to 
obtain  the  transmission  characteristics  of  the  5  MHz  transmitter,  and  the  receiving  sensitivity  and 
bandwidth  of  the  20  MHz  receiver. 

Methods  and  Results  for  Task  3; 


Electrical  Characterization  of  single  element  prototype 

The  electrical  impedance  of  both  transmitters  and  receivers  of  the  prototypes  were  measured 
using  an  Agilent  4294A  precision  impedance  analyzer  (Agilent  Technologies  Inc.,  Santa  Clara, 
CA).  Figure  9  and  Figure  10  show  the  electrical  impedance  and  phase  spectra  of  prototype  1  and 
prototype  2,  respectively.  Both  prototypes  showed  the  transmitting  and  receiving  frequencies  at 
the  designed  ranges  (Kim  2015). 


-20  g> 


(a) 


(b) 


Figure  9.  Impedance  and  phase  spectra  of  the  prototype  1 :  (a)  Transmitter;  (b)  Receiver. 
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(a)  (b) 


Figure  10.  Impedance  and  phase  spectra  of  the  prototype  2;  (a)  Transmitter;  (b)  Receiver. 


Electrical  characterization  of  array  prototype 

The  electrical  impedance  of  selected  elements  of  the  array  were  measured  using  an  Agilent 
4294A  precision  impedance  analyzer  (Agilent  Technologies  Inc.,  Santa  Clara,  CA).  The 
transmission  element  exhibits  the  fundamental  resonant  frequency  of  3.7  MHz,  and  the  resonant 
of  the  receiving  element  are  13.8  MHz  (Figure  1 1). 


Figure  11.  Electrical  response  of  transducer  at  transmission  (left)  and  receiving  (right) 

Acoustic  characterization  of  single  element  prototype 

The  transmitting  and  receiving  performances  of  prototypes  were  tested.  The  pulse-echo  signals 
of  both  transmitters  and  the  receivers  were  measured  individually  and  the  peak  negative  pressure 
value  of  the  transmitters  were  also  measured.  A  pulser/receiver  (5900PR,  Panametrics  Inc., 
Waltham,  MA)  was  used  in  pulse-echo  test  and  energy  of  1  pJ  and  2  pj  were  excited  to  the 
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receiver  and  transmitter,  respectively.  The  cut-off  frequency  of  the  low-pass  filter  was  20  MHz 
for  the  transmitter  and  50  MHz  for  the  receiver  test.  The  gain  and  attenuation  were  not  changed 
during  the  pulse-echo  test.  The  transmitter  of  the  prototype  1  showed  the  peak-to-peak  voltage  of 
210  mV  and  -6  dB  bandwidth  of  61.1  %,  and  the  receiver  showed  the  peak  received  echo  voltage 
430  mV  and  -6  dB  fractional  bandwidth  of  45.1  %  (Figure  12).  The  pulse-echo  results  of  the 
prototype  2  is  shown  in  Figure  13.  The  measured  echo  peak  voltages  for  the  transmitter  and 
receiver  are  430  mVpp  and  410  mVpp,  respectively.  The  measured  -6dB  fractional  bandwidth  for 
transmitter  and  receiver  were  55.1%  and  35.6  %,  respectively. 


Frequency  (MHz)  Frequency  (MHz) 


(a)  (b) 


Figure  12.  Pulse-echo  responses  and  spectra  of  the  prototype  1 :  (a)  Transmitter,  (b)  Receiver. 


Frequency  (MHz) 


Frequency  (MHz) 


(a) 


(b) 


Figure  13.  Pulse-echo  resposnes  and  spectra  of  the  prototype  2:  (a)  Transmitter,  (b)  Receiver. 


The  peak  negative  pressure  of  prototype  2  was  measured  using  the  setup  shown  in  Figure  15.  In 
the  set-up,  a  needle  hydrophone  (HNA-0400,  Onda  Corp.,  Sunnyvale,  CA)  was  located  in  front 
the  prototyped  transducer.  The  transmitter  of  the  prototype  2  was  excited  with  two  cycles  of  2 
MHz  and  300  mVpp  sinusoidal  input  by  a  function  generator  (AFG3101,  Tektronix  Inc., 
Beaverton,  OR)  and  amplified  by  55  dB  using  a  radio-frequency  amplifier  (Model  3200L, 
Electronic  Navigation  Industries  Inc.,  Rochester,  NY).  The  hydrophone  was  moved  laterally  and 
axially  and  the  measured  pressure  values  were  processed  to  obtain  the  pressure  mapping,  as 
shown  in  Figure  16.  The  peak  negative  pressure  at  the  far  field  was  about  -1.6  MPa,  which  is 
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high  enough  to  excite  microbubbles  for  nonlinear  responses.  The  mechanical  index  (Ml)  was 
calculated  to  be  1.13,  which  is  within  regulated  FDA  limits  for  diagnostic  ultrasound  equipment 
(Kim  2014). 


Figure  14.  Pressure  mapping  measurement  setup. 


(a) 

Figure  15.  Pressure  mapping  results  for  the  prototype  2  transducer  (with  2  cycles  of  the  2  MHz  and  SOOVpp 
excition):  (a)  yz-plane;  (b)  xy-plane  at  z  =  13  mm  (Kim  2014). 


Acoustic  characterization  of  array  prototype 

The  transmitting  and  receiving  performances  of  array  elements  were  tested  using  the 
pulser/receiver  (5900PR  and  5077PR,  Panametrics  Inc.,  Waltham,  MA).  The  low  frequency 
transmission  elements  were  excited  by  a  100  V  pulse,  and  showed  a  peak-to-peak  voltage  of  45 
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mV  and  -6  dB  bandwidth  of  -45%.  The  receiving  element  was  excited  by  1  (j,J  pulse  and  showed 
-  30  mVpp  response  and  -50%  in  -6  dB  bandwidth  ,  respectively  (Figure  16)  (Li  2016). 


Frequency  [M  Hzl  Frequency  [MHz] 


Figure  16.  Pulse-echo  response  of  transducers  at  transmission  (a)  and  receiving  (b)  (Li  2016) 

The  peak  negative  pressure  of  TX  elements  with  different  focal  depth  were  measured,  and 
mapping  to  show  the  waveform  (Figure  17)  and  beam  profile  (Figure  1).  In  the  set-up,  a  needle 
hydrophone  was  located  in  front  the  prototyped  transducer  and  moved  laterally.  The  measured 
pressure  values  were  processed  to  obtain  the  pressure  mapping.  The  peak  negative  pressure  at 
the  far  field  was  about  -3.5  MPa  at  focus  of  25  mm  and  -2.5  MPa  at  focus  of  40  mm,  which  is 
enough  to  excite  microbubbles  for  nonlinear  responses.  The  mechanical  index  (MI)  can  reach  as 
high  as  1.5. 


Figure  17  The  wavefonn  of  TX  element,  measured  by  the  hydrophone. 
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Axial  distance  [mm]  Axial  distance  [mm] 

Figure  18  Pressure  mapping  results  for  the  TX  elements  with  focus  at  20  mm  (left)  and  35  mm  (right).  The  pressure 

unit  in  the  figure  is  MPa. 


Task  4  Prepare  manuscript  for  data  dissemination  (Months  30-33) 

After  completion  and  characterization  of  the  prototype  array  transducer,  data  will  be  presented  in 
a  manuscript  for  a  peer-reviewed  journal  such  as  IEEE  Ultrasonics,  Ferroelectrics,  and 
Frequency  Control. 


A  manuscript  on  transducer  development  and  characterization  was  prepared  for  Transaction 
ofUFFC(Kim2014). 

Task  5  In-vitro  testing  of  dual  frequency  PC-MUT  co-linear  array  (Months  21-30) 

Subtask  5.1  Tissue  phantom  testing  (Months  21-25} 

Gelatin  based  tissue  mimicking  phantoms  will  be  used  with  a  range  of  spherical  hyperechoic  and 
hypoechoic  lesions.  A  spectrum  of  lesion  detectability  parameters  will  be  tested.  These  lesions 
will  be  imaged  at  several  axial  depths  using  our  prototype  array  and  the  Siemens  EV-8C4 
clinical  TRUS  probe.  A  blinded  reader  study  will  be  performed  and  accuracy  of  the  manually 
defined  regions  will  be  assessed  between  clinical  and  prototype  probes  for  depth,  phantom 
parameters,  and  imaging  system  parameters.  Signal  to  noise  ratio  will  be  determined  as  a 
function  of  axial  depth  into  tissue. 

Subtask  5.2  Microvascular  flow  phantom  testing  (Months  25-30) 

Images  will  be  acquired  in  DFUB  mode  of  microvascular  flow  phantoms  with  various  diameters. 
Sinusoidal  microvascular  phantoms  will  be  imaged  at  multiple  axial  depths,  as  well  as  with 
varying  flow  rates  appropriate  for  simulating  tumor  microenvironment.  A  blinded  reader  study 
will  be  performed  in  which  readers  rank  the  sensitivity  to  slow  flow  within  an  added  tissue 
clutter  background. 
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Methods  and  Results  for  Task  5;  Although  much  of  the  in-vitro  testing  was  proposed  in 
year  three,  we  have  started  these  studies  in  year  2  to  provide  additional  feedback  to  the 
design  process. 

In-vitro  contrast  testing  of  dual-frequency  PC-MUT  transducers  in  water 

The  harmonic  signals  from  microbubbles  (ultrasound  contrast  agents)  were  measured  using  the 
set-up  shown  in  Figure  18.  The  micro  tube  was  positioned  at  about  8  mm  away  from  the 
transducer.  The  transmission  condition  was  same  as  pressure  mapping  condition  (2  MHz,  cycles, 
300  mVpp,  and  55dB  gain).  The  cellulose  tube  was  filled  with  water,  air,  and  micro  bubbles, 
respectively,  and  then  the  received  signals  in  each  case  were  processed  to  obtain  echo  spectrum 
and  filtered  signal.  The  cut-off  frequencies  of  the  high  and  low  pass  filters  were  10  MHz  and  20 
MHz,  respectively,  because  the  center  frequency  of  the  receiver  is  about  14  MHz.  When  the 
water  was  injected  to  the  micro-tube,  no  high  order  harmonic  signal  reflected  from  the  tube  was 
measured  in  both  raw  signal  and  filtered  signal  (Figure  19).  The  peak  at  fundamental 
transmitting  frequency  (2  MHz)  in  frequency  spectrum  comes  from  the  electrical  coupling  and 
very  weak  reflected  signal  from  the  tube. 

The  air  was  next  injected  to  the  micro-tube.  The  reflected  waves  from  the  tube  due  to  the  large 
acoustic  impedance  difference  between  water  and  air  were  detected  by  the  high  frequency 
receiver  (Figure  20).  The  frequency  spectrum  showed  that  the  received  signal  has  no  harmonic 
components  but  only  fundamental  transmitting  frequency. 


Figure  19.  Bubble  signal  measurement  setup. 
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Figure  20.  Received  signal  from  the  tube  filled  with  water;  (a)  raw  signal,  (b)  frequency  spectrum,  (c)  filtered  signal 

(10  to  20  MHz) 


Figure  21.  Received  signal  from  the  tube  filled  with  air:  (a)  raw  signal,  (b)  frequency  spectrum,  (c)  filtered  signal 

(10  to  20  MHz). 


The  diluted  microbubbles  were  then  pumped  through  the  tube  during  the  contrast  agent  detection 
test.  The  receiver  successfully  detected  the  fundamental  reflection  and  super  harmonic  responses 
from  the  tube  filled  with  microbubbles  (Figure  21).  The  peak  amplitude  in  the  raw  signal  of  was 
slightly  reduced,  but  the  frequency  spectrum  showed  distinctive  harmonic  components.  Although 
the  center  frequency  of  the  receiver  is  14  MHz  which  means  that  the  receiver  has  the  highest 
sensitivity  for  that  frequency  range  and  has  very  low  sensitivity  at  low  frequency  range  as  1  to  4 
MHz,  the  second  harmonic  component  was  comparable  to  the  fundamental  frequency  (-9  dB). 
The  intended  receiving  frequency  components  (~14  MHz)  also  showed  in  frequency  spectrum, 
and  those  were  slightly  larger  than  5~10  MHz  components.  The  filtered  signal  has  a  discemable 
peak  but  the  amplitude  was  not  high  (5  mV)  in  comparison  with  the  noise  signal.  Thus,  the 
bubble  response  was  measured  with  16  dB  gain  and  analog  high-pass  filter  which  has  a  cut-off 
frequency  of  10  MHz  (Figure  22).  With  16  dB  gain  the  harmonic  bubble  signal  showed  higher 
signal-to-noise  ratio. 
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Figure  22.  Received  signal  from  the  tube  filled  with  bubbles:  (a)  raw  signal,  (b)  frequency  spectrum,  (c)  filtered 

signal  (10  to  20  MHz). 


Figure  23.  Received  bubble  signal  with  16dB  gain  and  10  MHz  high  pass  filter:  (a)  raw  signal,  (b)  frequency 

spectrum,  (c)  filtered  signal  (10  to  20  MHz). 

In-vitro  phantom  testing  of  dual-frequency  PC-MUT  transducers 

The  bubble  test  was  also  conducted  with  a  tissue-mimicking  phantom.  In  this  experiment,  the 
micro-tube  was  placed  inside  of  the  tissue  phantom,  which  was  positioned  in  the  water  tank. 
Other  experimental  conditions  including  experiment  set-up,  settings,  and  procedure  were  as  the 
same  as  the  bubble  tests  using  a  micro-tube  in  water. 

Phantom  fabrication 

A  graphite-gelatin  phantom  was  used  for  this  study.  The  phantom  composed  of  92.5%  de-ionized 
water,  5%  n-propanol  (to  adjust  for  speed  of  sound),  2.5%  Kodak  Photo-Flo  200  (surfactant), 
7.5%  g/mL  porcine  gelatin,  and  0.115  g/mL  graphite.  The  concentration  of  graphite  was  chosen 
to  match  experimental  attenuation  data  of  normal  human  prostate  of  0.75  dB/cm/MHz.  The 
ingredients  were  mixed  with  a  stir  bar  over  a  stir  plate  and  simultaneously  heated  to  40-45 °C. 
Once  the  liquid  phantom  cooled  back  down  to  30°C,  it  was  poured  into  the  custom  mold  and 
refrigerated  for  24  hrs.  The  design  of  the  mold  consisted  of  two  parallel  cellulose  tubes 
suspended  in  a  hollow  rectangular  cup,  such  that  if  the  opening  of  the  cup  faced  up,  the  tubes  ran 
parallel  to  the  ground.  The  cellulose  tubes  were  bound  to  a  larger  diameter  polyethylene  tube 
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using  a  water-proof  adhesive.  The  distance  from  the  cellulose  tube  to  the  surface  of  the  phantom 
was  approximately  5mm,  with  the  tubes  being  in  a  distance  of  5mm  from  each  other  (Figure  23). 


(a) 


Figure  24.  Design  of  a  tissue-mimicking  phantom 


(b) 


Bubble  test  results 

The  reflected  signal  from  the  surface  of  phantom  was  observed  during  the  bubble  test.  If  the 
transducer  was  too  close  to  the  phantom,  the  ringing  of  reflected  signal  from  the  surface  was 
combined  with  the  target  signal  from  the  tube.  Therefore,  to  get  a  clear  signal  from  tube  the 
distance  between  the  tube  and  the  transducer  was  adjusted  to  1 1  mm  (Figure  23  (b)).  Firstly, 
water  was  injected  into  microtubes  and  there  was  no  received  signal  at  the  receiver,  since  the 
generated  waves  were  almost  perfectly  transmitted  through  the  tube  filled  with  water  (Figure  24). 
The  tube  with  air  showed  clear  reflected  signal  without  any  harmonic  components  (Figure  25). 
The  micro-bubble  case  showed  clear  7th  harmonic  signal,  as  seen  in  the  frequency  spectrum 
(Figure  17).  This  super  harmonic  signal  was  observed  even  more  clearly  in  filtered  signal,  but 
the  amplitude  was  not  very  high  compared  to  the  noise  signal  from  the  amplifier  (Figure  26  (c)). 

We  will  continue  the  contrast  tests  by  using  an  analog  high-pass  filter  (lOM  Hz)  with  proper  gain 
(>10dB)  (Kim  2015). 
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Figure  25.  Received  signal  from  the  tube  filled  with  water  in  a  phantom:  (a)  raw  signal,  (b)  frequency  spectrum,  (c) 

filtered  signal  (10  to  20  MHz) 


(a) 


(b) 


(c) 


Figure  26.  Received  signal  from  the  tube  filled  with  air  in  a  phantom:  (a)  raw  signal,  (b)  frequency  spectrum,  (c) 

filtered  signal  (10  to  20  MHz) 


(a)  (b)  (c) 

Figure  27.  Received  signal  from  the  tube  filled  with  bubbles  in  a  phantom:  (a)  raw  signal,  (b)  frequency  spectrum,  (c) 

filtered  signal  (10  to  20  MHz) 

In-vitro  phantom  testing  of  dual-frequency  co-linear  array 

Contrast  imaging  with  the  array  transducer  was  conducted  in  a  tissue-mimicking  phantom.  A  200 
pm-diameter  cellulose  tube  with  flowing  microbubbles  (10^  units/mL)  was  positioned  -30  mm 
away  from  the  ultrasound  probe  (Figure  28). 
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Figure  28  Design  of  a  tissue-mimicking  phantom  for  the  array  test 


A  multi-channel  imaging  system  (Verasonies  Vantage,  Kirkland,  WA)  was  used  to  drive  the 
array  and  acquire  echoes.  For  this  work,  19  TX  elements  were  fired  as  a  group,  and  the  single 
RX  element  at  the  center  of  the  sub-aperture  captured  the  high  frequeney  superharmonic  echoes. 
Eaeh  low  frequeney  TX  element  was  exeited  with  a  one-eycle,  37  V  pulse.  High  frequeney 
echoes  were  filtered  with  a  bandpass  filter  (9-27  MHz)  and  time-gain  compensation  was  applied. 


x-eods  [mm]  x-axis  [mm]  x-axis  [mm] 

Figure  29  A  2D  gray  scale  image  in  side  view  of  phantom  test  in  diffrerent  mode  (left:  HF  B-mode,  middle;  contrast 
mode  (without  bubble  flow),  right:  contrast  mode  (with  bubble  flow)) 

The  array  was  tested  with  3  scenarios,  1.  High  frequency  B-mode  imaging;  2.  Contrast  imaging 
without  mierobubbles  flowing;  and  3.  Contrast  imaging  with  mierobubbles  flowing  (Figure  29). 
In  the  high  frequency  B-mode,  it  showed  full  of  speekles  in  the  image.  While  the  array  was 
operated  in  the  contrast  mode,  the  speckle  signal  was  signifieantly  redueed.  When  mierobubbles 
were  flowing  in  the  tube,  the  array  in  contrast  mode  received  the  target  signal  in  the  image.  By 
combining  above  three  image,  the  array  is  capable  of  acoustie  angiography,  which  shows  the 
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tissue  imaging  and  vessel  mapping  by  operating  in  B-mode  and  contrast  mode.  With  positioned 
by  the  motion  stage,  the  array  was  moved  along  the  elevation  direction.  A  set  of  3D  images  were 
formed  (Figure  30). 


Figure  30  A  3D  image  of  phantom  test  in  different  mode  (left:  HF  B-mode,  middle:  contrast  mode  (without  bubble 

flow),  right:  contrast  mode  (with  bubble  flow)) 

With  the  analysis  of  the  2D  image  (Figure  31),  the  acquired  image  shows  that  the  co-linear  array 
was  able  to  capture  the  microbubble  signal  flowing  in  the  cellulose  tube.  The  received  echo 
beam  width  in  the  axial  and  lateral  dimensions  were  measured  to  be  400  pm  and  600  pm, 
respectively.  The  contrast  to  noise  ratio  was  calculated  to  be  ~20  dB  (Li  2016). 


Aamuth  rmni  distance  [mmj  Aamulh  distance  [mm] 


Figure  31  The  image  of  target  cellulose  tube  in  contrast  mode  (left),  and  its  beam  width  in  axial  (middle)  and 

azimuth  (right)  direction  (Li  2016). 
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The  same  phantom  with  cellulose  tube  was  image  with  an  EV-8C4  Siemens  transrectal  probe 
transducer.  The  received  beam  widths  in  the  axial  and  lateral  dimensions  measured  to  be  1.33 
mm  and  1.25  mm,  respectively.  The  contrast  to  noise  ratio  was  calculated  to  be  approximately  70 
dB. 


Figure  32  The  image  of  target  cellulose  tube  imaged  with  a  Siemens  EV-8C4  in  contrast  mode  (left),  and  its  beam 

width  in  axial  (middle)  and  azimuth  (right)  direction. 


Task  6  In-vivo  testing  of  dual  frequency  PC-MUT  co-linear  array  (Months  1-6,  and  24-36  ) 

Subtask  6.1  Prepare  for  lACUC  approval  for  animal  studies  (Months  1-6) 
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Immediately  upon  project  commencement,  an  appropriate  protocol  will  be  prepared  for  the 
University  of  North  Carolina  Institutional  Animal  Care  and  Use  Committee,  for  eventual  in-vivo 
imaging  studies. 

Subtask  6.2  Establish  Dunning/Copenhagen  rodent  prostate  cancer  model  (Months  24-27) 

The  Dunning  R3327  cell  line  is  available  from  ATCC,  from  the  Johns  Hopkins  Collection. 
Twenty  60  day  old  male  Copenhagen  Rats  (Harlan  Indianapolis,  IN)  will  be  utilized  for  in-vivo 
imaging.  Cells  will  be  propagated  in  culture,  and  then  subcutaneously  injected  into  the  flank  of 
each  rat.  Imaging  will  be  performed  starting  one  week  after  implantation,  and  continued  until 
tumors  reach  approximately  1 5  mm  in  diameter,  after  which  animals  will  be  humanely 
euthanized.  For  all  procedures,  animals  will  be  anesthetized  using  inhaled  oxygen  and  2% 
isoflurane.  Body  temperature  will  be  maintained  using  a  temperature  controlled  heating  pad. 

Subtask  6.3  Assess  performance  of  imaging  probe  in  animal  model  (Months  25-36) 

The  diagnostic  utility  of  the  prototype  array  to  detect  cancerous  lesions  will  be  assessed  in  vivo 
in  terms  of  spatial  and  temporal  sensitivity  relative  to  a  conventionally  used  clinical  probe.  Two 
specific  imaging  approaches  will  be  assessed  -  ultrasound  molecular  imaging  and  microvessel 
mapping.  Spatial  sensitivity  will  be  determined  by  how  accurately  molecularly  targeted  contrast 
agents  and  microvascular  abnormalities  conform  to  the  tumor  boundaries  (relevant  to  improving 
biopsy  guidance  accuracy),  while  temporal  sensitivity  will  be  assessed  by  observing  how  these 
metrics  evolve  throughout  the  course  of  a  tumor's  growth.  The  Dunning  model  will  be 
established  in  the  right  flank  of  20  male  rats  (the  left  flank  will  serve  as  a  control).  To  assess  the 
imaging  performance  of  the  prototype  array  as  a  function  of  axial  depth  between  0.5  and  5  cm, 
tissue  mimicking  gelatin  standoffs  will  be  inserted  between  the  animals'  skin  and  transducer  to 
simulate  a  deeper  lesion  depth.  Images  will  be  acquired  with  the  clinical  probe  for  contrast 
imaging  of  the  same  tumor  and  control  tissue  volumes  to  compare  molecular  imaging  signal 
strengths  and  ability  to  visualize  vascular  abnormalities. 

Methods  and  Results  for  Task  6: 


In-vivo  2D  and  3D  rat  imaging  using  prostate  dual-frequency  array 

Due  to  challenges  with  obtaining  cell  lines  to  establish  the  Dunning  R3327  rat  prostate  model, 
we  instead  chose  to  use  the  fibrosarcoma  rat  tumor  model  in  female  Fisher  344  rats.  Tumors 
were  implanted  subcutaneously  in  the  right  flank  of  the  rat,  and  grew  between  5-10  mm  in 
diameter.  Rats  were  anesthetized  with  isoflurane  and  then  shaved  in  the  lower  abdominal/flank 
region.  The  transducer  was  positioned  approximately  5  mm  from  the  surface  of  the  tumor  and 
was  coupled  to  the  skin  with  ultrasound  gel.  Before  contrast  injection,  B-mode  imaging  was 
performed,  followed  by  contrast  mode  imaging  for  baseline  measurements  of  the  tumor.  Then,  a 
constant  infusion  of  a  1:1  dilution  of  contrast  to  saline  was  administered  at  a  rate  of  30  pL/min 
and  contrast  mode  imaging  was  performed  again  to  detect  blood  vessels.  In  order  to  increase 
sensitivity  to  microbubbles,  an  excitation  voltage  of  33V  (~1  MPa)  was  delivered  to  elicit  a 
higher  harmonic  tissue  response.  The  transducer  sensitivity  to  the  broadband  microbubble 
response  was  not  sufficient  for  detecting  contrast  enhancement  within  the  tumor.  Therefore,  we 
shifted  the  imaging  region  to  the  inguinal  area  of  the  rat  to  image  the  larger  iliac  vein  and 
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Axial  distance  [mm] 


arteries.  From  the  eontrast  mode  2D  image  with  mierobubbles,  there  is  clear  enhancement  of 
microvessels  (Figure  34). 
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Figure  33  A  photograph  of  experimental  setup  in  animal  imaging  (left),  and  the  B-mode 

interest  (right) 
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Figure  34  A  2D  gray  scale  image  of  animal  test  in  different  scenarios  (left:  contrast  mode  without 

right:  contrast  mode  with  bubble  flow) 
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In  a  different  rat,  a  3D  image  was  acquired  with  an  elevational  dimension  of  1  cm  and  a  0.5  mm 
step  size.  Individual  vessels  were  detected  in  the  3D  pull-back  at  a  depth  between  20-30  mm 
(Figure  35).  Further  post-processing  and  refinement  of  the  RF  data  is  required  to  further  remove 
system  noise  residual  higher-harmonic  tissue  signal. 


Task  7  Prepare  manuscript  for  data  dissemination  (Months  30-36) 

Although  during  this  project  we  made  substantial  progress  on  the  novel  design  of  dual- frequency 
transducer  arrays  for  superharmonic  imaging,  the  prototype  arrays  that  were  produced  during  the 
project  period  did  not  demonstrate  a  sensitivity  high  enough  for  high  contrast-to-tissue  imaging 
of  the  microvasculature  in  vivo.  Although  we  could  see  some  vessels,  the  probe  did  not  perform 
well  enough  to  benchmark  in-vivo  imaging  against  the  Siemens  EV-8C4.  We  still  have  several 
arrays  that  were  fabricated  with  minor  modifications  to  the  design,  such  as  adjusting  the 
matching  layers,  at  the  end  of  the  project  period.  We  are  still  testing  these  transducers  despite 
the  fact  that  the  original  DoD  project  has  ended.  Although  this  project  resulted  in  4  other 
published  manuscripts,  we  have  not  yet  been  able  to  publish  in-vivo  performance  data  at  this 
point.  However,  we  are  still  working  towards  this  aim  and  are  in  the  progress  of  soliciting 
additional  funding  as  this  project  has  been  highly  encouraging. 
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Impact/Problems 


Single  element  dual-frequency  transducers  have  been  designed,  fabricated  and  tested  for 
feasibility  study.  Contrast  imaging  tests  have  been  conducted  and  contrast  signals  have 
been  successfully  detected.  A  64/1 28-element  dual-frequency  3  MHz/ 15  MHz  linear 
array  transducer  has  been  designed  and  fabricated,  and  the  initial  tests  of  contrast 
phantom  imaging  have  been  demonstrated  the  potential  for  acoustic  angiography.  An 
invention  disclosure  was  filed  on  the  dual-frequency  transducer  technology,  patent 
pending. 

o  This  was  the  first  dual-frequency  stacked  array  of  its  kind  -  all  current 

commercial  ultrasound  transducers  operate  within  a  single  bandwidth  range, 
typically  less  than  100%  (ie:  a  3  MHz  commercial  array  with  a  100%  bandwidth 
would  operate  with  -6dB  performance  between  1 .5  and  4.5  MHz).  We  overcame 
several  challenges  in  the  fabrication  technology  to  develop  our  unique  dual¬ 
frequency  configuration,  with  the  resulting  transducer  operating  at  a  bandwith 
that  extends  past  15  MHz  when  transmitting  at  3  MHz  -  far  superior  to  currently 
available  transducers.  The  potential  impact  is  that  other  manufacturers  or 
scientists  might  now  further  expand  on  this  technology  development  to  produce 
newer  transducers  with  even  better  performance. 

2D  and  3D  rat  imaging  demonstrates  the  ability  to  detect  individual  vessels  in  the 
inguinal  area  of  a  rat.  Further  design  modification  and  post-processing  is  needed  to 
improve  image  quality  and  sensitivity  to  smaller  tumor  vessels. 

o  The  impact  was  that  we  demonstrated  that  our  dual-frequency  transducers  could 
detect  microvessels  with  high  contrast  to  tissue  ratio.  This  is  important,  because 
we  believe  that  microvessel  imaging  will  help  the  detection  of  cancer,  based  on 
cancer’s  angiogenic  signature.  One  of  our  challenges  was  that  our  array 
transducer  was  not  as  sensitive  as  we  had  hoped,  which  prohibited  full  analysis  of 
tumor  microvasculature.  We  know  that  sensitivity  could  be  better  because  other 
single  element  transducers  that  we  use  do  have  sufficient  sensitivity  to  image 
vessels  down  to  150  microns  with  high  contrast  to  tissue. 

Four  publications  (Martin  et  al,  2014;  Dayton  et  al;  2014;  Kim  et  al,  2015;  Wang  et  al 
2016)  and  five  conference  presentations  (Kim  et  al  2014;  Kim  et  al  2015;  Kim  et  al 
2015b;  Li  et  al  2015;  Li  et  al,  2016)  were  presented  describing  the  technology  developed 
from  this  project. 

o  We  have  disseminated  our  findings  to  the  community  and  the  impact  will  be  that 
others  will  build  on  and  continue  our  work,  to  build  better  transducer  systems  for 
cancer  imaging.  Eventually,  it  is  highly  likely  that  prostate  ultrasound  will  be 
come  a  primary  tool  for  assessing  prostate  cancer  non-invasively  (ie:  without 
biopsy). 


Conclusion 


Both  single  element  dual  frequency  transducers  and  dual  frequency  linear  array  transducers 
designed  towards  trans-rectal  ultrasound  imaging  have  been  successfully  prototyped  and  tested. 

A  single  element  dual  frequency  (2  MHz/ 14  MHz)  was  designed,  fabricated  and  tested  with 
microbubbles.  It  was  found  that:  1)  the  dual  isolation  layer  works  well  to  block  the  unwanted 
background  signals;  2)  the  1-3  piezoelectric  composite  is  a  useful  material  for  the  low  frequency 
transmitter  without  thick  and  lossy  backer,  and  results  in  sufficient  transmit  pressure  and 
reasonably  wide  bandwidth;  and  3)  the  prototypes  based  on  this  design  can  detect  7*  harmonic 
signal  from  the  micro  bubbles. 

A  co-linear,  dual-frequency  (3/15  MHz)  transducer  was  developed  for  demonstrating  the 
feasibility  of  transrectal  acoustic  angiography.  This  was  the  first  dual  mode  3/15  MHz  array 
transducer  reported  to  our  knowledge.  The  acoustic  characterization  results  indicate  that  our 
design  concept  and  technique  can  achieve  fractional  bandwidths  and  transmission/receiving 
sensitivities  which  are  sufficient  for  superharmonic  microbubble  imaging.  We  also  used  a  multi¬ 
channel  imaging  system  to  demonstrate  that  the  array  was  capable  of  inducing  a  higher  harmonic 
response  from  microbubble  contrast  agents  at  a  depth  of  30  mm.  With  a  1 -cycle  burst  excitation, 
the  target  widths  in  axial  and  lateral  directions  were  200  pm  and  400  pm,  respectively,  and  CTR 
was  ~20  dB.  In-vivo  animal  imaging  demonstrated  the  ability  to  detect  large  individual  vessels  at 
a  depth  of  20-30  mm  in  the  inguinal  area.  Unfortunately,  the  transducer  was  not  sensitive  to 
detecting  smaller  vessels  (<500  pm)  when  imaging  a  tumor  in-vivo.  Further  modifications  to  the 
transducer  design  and  post-processing  will  be  required  to  achieve  a  sensitivity  to  vessels  in  the 
<500  pm  range  hypothesized  to  be  involved  in  prostate  tumor  angiogenesis.  Nevertheless,  these 
results  indicate  that  the  co-linear  array  is  capable  of  detecting  superharmonic  microbubble 
signals  and  suggest  that  is  can  be  used  for  acoustic  angiography  imaging  of  tissue 
neovascularization  with  further  improvements  to  the  design. 

Overall,  our  project  was  highly  productive  towards  the  development  of  dual-frequency  array 
technology.  Our  team  intends  to  continue  testing  with  devices  which  were  fabricated  during  the 
project  period,  and  will  pursue  additional  project  funding  to  further  improve  the  imaging  arrays. 
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Contrast  Enhanced  Superharmonic  Imaging  for 
Acoustic  Angiography  Using  Reduced 
Form-factor  Lateral  Mode  Transmitters  for 
Intravascular  and  Intracavity  Applications 


Zhuochen  Wang,  K.  Heath  Martin,  Wenbin  Huang,  Paul  A.  Dayton,  Xiaoning  Jiang,  Member,  IEEE 


Abstract — Techniques  to  image  the  microvasculature  may  play 
an  important  role  in  imaging  tumor-related  angiogenesis  and  vasa 
vasorum  associated  with  vulnerable  atherosclerotic  plaques. 
However,  the  microvasculature  associated  with  these  pathologies 
is  difficult  to  detect  using  traditional  B-mode  ultrasound  or  even 
harmonic  imaging  due  to  small  vessel  size  and  poor  differentiation 
from  surrounding  tissue.  Acoustic  angiography,  a  microvascular 
imaging  technique  which  utilizes  superharmonic  imaging 
(detection  of  higher  order  harmonics  of  microbubble  response), 
can  yield  a  much  higher  contrast  to  tissue  ratio  (CTR)  than  second 
harmonic  imaging  methods.  In  this  work,  two  dual -frequency 
transducers  using  lateral  mode  transmitters  were  developed  for 
superharmonic  detection  and  acoustic  angiography  imaging  in 
intracavity  applications.  A  single  element  dual -frequency  IVUS 
transducer  was  developed  for  concept  validation,  which  achieved 
larger  signal  amplitude,  better  contrast  to  noise  ratio  (CNR)  and 
pulse  length  compared  to  the  previous  work.  A  dual -frequency 
PMN-PT  array  transducer  was  then  developed  for  superharmonic 
imaging  with  dynamic  focusing.  The  axial  and  lateral  size  of  the 
microbubbles  in  a  200  pm  tube  were  measured  to  be  269  pm  and 
200  pm,  respectively.  The  maximum  CNR  was  calculated  to  be  22 
dB.  These  results  show  that  superharmonic  imaging  with  a  low 
frequency  lateral  mode  transmitter  is  a  feasible  alternative  to 
thickness  mode  transmitters  when  final  transducer  size 
requirements  dictate  design  choices. 

Keywords — Lateral  mode  transducer,  dual-frequency, 

superharmonic,  ultrasound  transducer. 


1.  Introduction 

M  AGING  of  micro  vessels  with  diameters  ranging  from  2  pm 
to  200  pm  [1]  can  be  used  to  detect  the  early  phase  of  tumor 
development  and  may  also  aid  in  identifying  atherosclerotic 
plaques  which  cause  heart  attacks  and  strokes  [2-7].  Traditional 
B-mode  ultrasound  (2-20  MHz)  is  widely  used  in  biomedical 
diagnostic  imaging  because  of  its  relative  low  cost,  portability, 
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ease  of  operation  and  real-time  imaging.  However,  blood  is  a 
poor  ultrasound  scatterer  compared  to  the  surrounding  tissues, 
making  it  hard  to  image  micro  vessels  [8].  Thus,  ultrasound 
contrast  agents  (UCAs)  (e.g.  microbubbles)  are  used  to  increase 
the  scattering  and  thereby  improve  imaging  of  blood  flow  [9] . 

Although  in  standard  fundamental  B-mode  imaging,  UCAs 
can  result  in  improved  contrast  from  the  blood  pool,  contrast 
with  surrounding  tissue  is  still  limited.  Blood  is  a  poor  scatterer 
at  diagnostic  frequencies  (2-20  MHz)  typically  used  in  the 
clinic  and  vessels  appear  anechoic  during  imaging.  When 
contrast  agents  are  administered,  the  blood  vessels  opacify  due 
to  the  increased  echogenicity  provided  by  the  microbubbles, 
but  the  vessel  are  not  easily  discernable  from  the  surrounding 
tissue  which  has  similar  backscatter,  leading  to  poor  contrast 
and  low  CTR  [10].  Harmonic  imaging  of  UCAs,  transmitting  at 
a  lower  frequency  and  receiving  the  signal  from  the  second 
harmonic,  can  yield  a  higher  CTR  with  less  near  field  artifacts 
than  fundamental  B-mode  imaging.  This  imaging  technology 
may  be  used  to  improve  the  visualization  and  assessment  of 
cavities,  large  vessels,  and  bulk  blood  flow  in  organs  and 
tissues  [11,  12].  Harmonic  imaging  technology  was  developed 
from  conventional  transabdominal  and  transthoracic 
echocardiography,  and  soon  applied  in  smaller  diagnostic 
transducers,  for  ophthalmic,  urologic,  and  intravascular 
ultrasound  purposes  [13-19]. 

Most  of  the  echo  from  the  tissue  is  confined  to  the 
fundamental  frequency  and  low  order  harmonics  [20].  In 
contrast,  superharmonic  imaging,  where  higher  order 
harmonics  are  detected,  provides  improved  differentiation  of 
UCAs  from  tissue  and  higher  resolution  in  the  resulting  images 
[21].  Some  work  have  been  done  to  study  the  optimization  of 
microbubble  response,  including  varying  pulse  window  and 
phase  of  the  signal,  changing  the  bubble  size,  adjusting  the 
frame  number,  and  controlling  the  peak  negative  pressure  [22, 
23].  Typically,  for  non-inertial  cavitation  superharmonic 
imaging,  higher  order  non-linear  responses  are  maximized  by 
exciting  microbubbles  with  a  large  peak  negative  pressure  or  at 
a  frequency  close  to  the  resonant  frequency  of  the  microbubble. 
This  resonant  frequency  depends  primarily  on  bubble  diameter, 
though  many  other  physical  factors  also  play  a  role  in 
determining  resonance  [24,  25]. 

Studies  have  shown  that  lower  frequency  (1-3  MHz)  acoustic 
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waves  can  excite  microbubbles  more  effectively  to  generate 
non-linear  responses  from  microbubbles  that  are  necessary  for 
contrast  specific  imaging.  Kruse  et  al.  received  broadband 
microbubbles  response  exceeded  45  MHz  with  short  pulses  at 
2.25  MHz  [26].  Gessner  et  al.  reported  3-D  contrast  imaging  of 
in  vivo  micro  vasculature  with  a  dual-frequency  transducer  (2.5 
MHz  /  30  MHz)  [27].  Lindsey  et  al  showed  that  CTR  of 
superharmonic  imaging  can  be  improved  by  detecting  the 
non-linear  high-frequency  signal  from  microbubbles  excited  at 
lower  frequencies  [28].  Wang  et  al.  reported  preliminary 
superharmonic  contrast  imaging  results  with  a  lateral  mode 
intravascular  ultrasound  (IVUS)  cylindrical  transducer  array 
transmitter  (2.25  MHz)  and  commercial  piston  receivers  (15 
MHz,  20  MHz  and  25  MHz)  [29].  Micro  vascular  images 
produced  with  transmission  between  2-4  MHz  and  detection 
between  15-45  MHz  have  demonstrated  very  high  resolution 
and  CTR,  producing  images  similar  to  x-ray  angiography,  and 
images  produced  with  this  dual-frequency  ultra-broadband 
contrast  imaging  approach  have  been  referred  to  as  “acoustic 
angiography”  [30-33]. 

Small  diagnostic  transducers  are  important  for  extending  the 
possibilities  of  intravascular,  intracardiac,  and  transesophageal 
ultrasound  [34].  Superharmonic  imaging  using  a  small  single 
element  intravascular  ultrasound  transducer  has  been 
demonstrated  with  a  transmission  at  6.5  MHz  [35],  but  it  is 
likely  that  these  results  may  be  improved  by  using  a  lower 
transmission  frequency  (1-3  MHz).  Miniaturization  of  the 
lower  frequency  transducer  can  be  achieved  by  utilizing  the 
lateral  excitation  mode  in  developed  transducers.  Some 
therapeutic  IVUS  catheters  have  been  designed  using  lateral 
mode  excitation  for  thermal  ablation  and  drug  delivery 
previously  [36-38].  Transducer  arrays  have  several  benefits 
over  single-element  transducers,  such  as  electrical  scan  and 
dynamic  focusing,  which  can  result  in  higher  frame  rates  and 
decreased  point  spread  functions,  respectively  [39].  Despite 
these  advantages,  early  studies  comparing  commercial 
transducers  favored  single-elements  over  array  designs  in  terms 
of  image  quality  [40],  suggesting  array  design  in  IVUS  may  be 
improved.  Under  the  same  input  voltage,  a  lateral  mode 
transducer  having  a  smaller  thickness  between  electrodes 
would  have  a  higher  electric  field  compared  to  a  thickness 
mode  transducer  at  the  same  frequency.  Lateral  mode 
transmitters  are  also  suitable  for  developing  an  array. 

In  this  work,  two  dual -frequency  transducers  with  lateral 
mode,  low  frequency  transmitters  are  demonstrated  for 
superharmonic  imaging  (over  12th  harmonic).  First,  a 
dual-frequency  single  element  IVUS  transducer  with  a  lateral 
mode  low  frequency  transmitter  was  developed  for  contrast 
enhanced  intravascular  ultrasound  (CE-IVUS)  imaging  and  to 
validate  the  concept.  Next,  a  dual-frequency  PMN-PT  array 
using  a  lateral  mode  low  frequency  transmitter  was  developed 
for  superharmonic  imaging  in  larger  cavities  (e.g.  intracardiac 
and  transesophageal  ultrasound).  In  both  cases,  the  center 
frequency  of  the  transmitters  was  selected  to  be  2.25  MHz  to 
excite  microbubbles  effectively,  while  the  center  frequency  of 
the  receivers  was  30  MHz.  The  dual -frequency  transducers 
were  used  for  superharmonic  contrast  testing  and  real-time 


Fig.  1 .  a)  Lateral  mode  transducer  and  b)  thickness  mode  transducer. 


superharmonic  imaging. 


IT  Methods 

A.  Lateral  mode  transmitter 

Low  frequency  (1-3  MHz)  acoustic  wave  excitation  is  a 
promising  method  for  contrast  imaging  because  it  can  generate 
non-linear  microbubbles  responses  more  effectively  from  large 
bubbles  by  exciting  them  near  their  resonant  frequency. 
However,  low  frequency  transducers  in  conventional  thickness 
mode  require  a  large  dimension  in  thickness  and  may  not  be 
suitable  for  some  applications  with  limited  accessible  space  (e. 
g.  intravascular,  intracardiac,  and  transesophageal).  For 
example,  a  2.25  MHz  thickness  mode  transmitter  would  require 
a  thickness  of  approximately  1  mm  for  Pb(Mgi/3Nb2/3)03] 
-x[PbTi03]  (PMN-PT).  This  dimension  would  not  suitable  for 
an  IVUS  transducer  (3  French  =  1  mm)  after  integration  with 
matching  layer,  backing  layer  and  housing. 

In  addition  to  the  thickness  vibration  mode,  ultrasound 
transducers  can  be  designed  to  operate  in  lateral  vibration 
modes  (Figure.  1).  In  a  lateral  vibration  mode,  the  resonant 
frequency  is  determined  by  the  width  or  length  of  the 
piezoelectric  layer  rather  than  the  thickness  [35].  The  coupling 
coefficients  of  lateral  mode  (k3i=0.51)  of  PMN-PT  is  smaller 
than  the  coupling  coefficients  of  thickness  mode  (kt=0.62,  and 
k33=0.91),  leading  to  a  reduction  in  performance  of  the 
transducer  in  regards  to  sensitivity  and  bandwidth  [41].  While 
because  of  high  elastic  compliance  of  PMN-PT  ( =  59.7 

pm^/N),  the  transverse  frequency  coefficient  (N31)  of  PMN-PT 
is  much  lower  than  the  thickness  frequency  coefficient  (Nt) 
(721  vs  2002  m»Hz). 

N,,=l/2^1/(p-s^,)  (1) 

y  =1/2^4//?  (2) 

where  N31  is  the  transverse  frequency  coefficient,  Nt  is  the 
thickness  frequency  coefficient,  p  is  the  density  =  8050  kg/m^, 
is  the  elastic  compliance,  is  the  elastic  stiffness  =129 
GPa. 

As  a  result,  the  lateral  mode  transducer  can  achieve  a  low 
resonant  frequency  with  small  dimensions  in  both  thickness 
and  width.  Compared  to  the  conventional  thickness  mode 
transducer,  the  aspect  ratio  (width/thickness)  of  a  lateral  mode 
transducer  can  be  larger,  resulting  in  lower  electrical 
impedances  at  low  frequencies.  Furthermore,  the  electric  field 
developed  in  a  lateral  mode  transducer  would  be  higher  than  a 
thickness  mode  transducer  at  same  frequency  due  to  the 
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Low  frequency  element  (PMN-PT) 

High  frequency  Element  (PMN-PT) 
AI2O3  /  Epoxy 

Fig.  2.  Structure  of  a  dual-frequency  IVUS  transducer. 

decreased  dimension  (thickness)  between  the  electrodes. 
Consequently,  lower  input  voltages  can  be  used  to  achieve  the 
same  electric  field.  Therefore,  in  order  to  develop  a  low 
frequency  (e.g.  2  MHz)  transmitter  without  increasing  the  size 
of  the  transducer,  the  lateral  mode  design  approach  was 
selected  to  achieve  efficient  low  frequency  ultrasound  output. 

B.  Dual-frequency  Single  Element  IVUS  Transducer 

1 )  Transducer  Design  and  Characterization 

The  dual-frequency  IVUS  transducer  consists  of  a  low 
frequency  transmitter  (2.25  MHz)  at  the  bottom  and  a  high 
frequency  receiver  (30  MHz)  layered  on  top  of  it  (Figure.  2).  As 
the  elements  were  aligned  overlapped  in  stack  structure  [42-44], 
the  beam  of  both  frequencies  will  overlap  as  well,  making  it 
suitable  for  superharmonic  imaging.  In  the  stack  structure,  the 
two  active  layers  cannot  be  bonded  together  directly  as  this 
would  cause  aliasing  echoes  to  be  generated  that  can  shift  the 
resonant  frequencies  of  both  layers  and  impact  the  bandwidth 

[45] .  In  order  to  prevent  this,  a  frequency- selective  isolation 
layer  that  functions  as  a  quarter  wavelength  anti-matching  layer 
has  to  be  placed  in  between  the  two  elements  in  order  to  isolate 
the  top  layer  from  the  bottom  layer  in  the  high  frequency  mode 

[46] .  PMN-PT  was  selected  as  the  active  material  because  of  its 
high  coupling  coefficients,  high  dielectric  constant  and  low 
transverse  frequency  coefficient  (Table  I). 

The  isolation  layer  thickness  and  the  material  selection,  as 
well  as  the  pulse-echo  response  of  the  high  frequency  receiver, 
were  designed  using  the  KLM  model  [47].  For  low  frequency 
lateral  mode  transmitter,  the  frequency  response  of  the  electric 
impedance  was  simulated  with  COMSOL  (COMSOL,  Inc., 
Burlington,  MA).  After  the  transducer  design  and  fabrication, 
the  transducer  was  characterized  by  measuring  electrical 
impedance,  the  pulse-echo  response  of  the  high  frequency 
receiver,  and  the  acoustic  output  of  the  low  frequency 
transmitter.  The  detailed  method  of  transducer  design, 
fabrication,  and  transducer  characterizations  can  be  found  in 
[48]. 

2)  Contrast  Test 

Contrast  tests  were  conducted  in  a  water  tank  using 
poly-dispersed  (1-10  pm  diameter)  lipid  coated  microbubbles, 


Fig.  3.  Experimental  setup  of  the  contrast  test. 


TABLE  I 

Material  Properties  oe  Dieeerent  Active  Materials 


k33 

kt 

k3i 

Nt 

Nsi 

PMN-PT 

0.91 

0.62 

0.51 

8266 

2002 

721 

PZT-5H 

0.78 

0.51 

0.43 

3400 

1975 

1421 

PZT-4 

0.7 

0.49 

0.33 

1300 

1958 

1646 

prepared  in-house  [49],  at  diluted  concentrations  (2  x  107 
MBs/mL).  Microbubbles  were  pumped  through  a  micro  tube 
made  of  acoustically  transparent  material  with  a  diameter  of 
200  pm.  The  distance  between  the  transducer  and  the  micro 
tube  was  matched  to  the  depth  used  for  pressure  measurements 
(2  mm).  The  experimental  setup  is  depicted  in  Figure  3. 

Microbubbles  in  the  micro  tube  were  excited  by  the  low 
frequency  transmitter  using  a  2.25  MHz,  1 -cycle  sine  burst 
excitations  generated  by  an  arbitrary  function  generator 
(AFG3101,  Tektronix  Inc.,  Beaverton,  OR)  and  a 
radio-frequency  amplifier  (Model  3200L,  Electronic 
Navigation  Industries  Inc.,  Rochester,  NY).  The  superharmonic 
non-linear  responses  from  excited  microbubbles  were  then 
detected  by  the  high  frequency  receiver  and  recorded  using  an 
in-house  Lab  VIEW  (National  Instruments  Co.,  Austin,  TX) 
data  acquisition  system  and  A/D  card  (Signatec  PDA14, 
Corona,  CA)  at  100  MHz  sampling  rate.  24  dB  of  gain  was 
applied  on  the  high  frequency  response.  The  superharmonic 
signal,  contrast  to  noise  ratio  (CNR)  and  pulse  length  of 
superharmonic  echo  were  measured.  The  CNR  of  the  single 
element  IVUS  transducer  was  measured  as  the  ratio  between 
maximum  microbubble  response  and  the  mean  noise  level. 
Experimental  results  were  recorded  as  a  function  of  different 
excitation  voltages  (e.g.  20V,  40V,  60V  and  80V). 

C.  Dual-Frequency  Array  Transducer 

1 )  Transducer  Design  and  Characterization 

This  dual-frequency  array  consists  of  8  low  frequency  lateral 
mode  transmission  sub-elements  and  32  high  frequency 
receiving  elements  (Figure.  4).  The  center  frequency  of  the 
transmitter  was  selected  to  be  2.25  MHz  to  excite  microbubbles 
more  effectively,  while  the  frequency  of  the  receivers  was 
designed  to  be  30  MHz  for  high  image  resolution.  The  width  to 
height  aspect  ratio  of  each  layer  is  important  for  the  lateral 
mode  transducer.  For  the  low  frequency  transmitter,  the  aspect 
ratio  was  designed  close  to  1  to  enhance  the  lateral  mode,  by 
using  COMSOL  simulation;  while  the  aspect  ratio  of  the  high 
frequency  layer  was  designed  to  be  greater  than  2  to  promote 
thickness  mode  operation,  which  was  simulated  by  using  KLM 
model.  An  acoustic  isolation  layer  was  also  placed  in  between 
the  two  PMN-PT  active  layers  to  reduce  the  ringdown  of  the 
high  frequency  receiver  layer  and  to  improve  the  performance. 

The  pulse-echo  response  of  high  frequency  receiving  layer, 
acoustic  pressure  and  acoustic  mapping  of  low  frequency 


Low  frequency  layer  _  _ 

H  PMN-PT  H  PI  film  ■ 

Fig.  4.  Structure  of  a  dual-frequency  array  transducer. 
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transmitter  were  tested  to  evaluate  the  performance  of  the 
dual-frequency  array.  The  detailed  method  of  design,  electrical 
and  acoustical  characterization  of  this  dual -frequency  array 
transducer  were  reported  in  [50]. 

2)  Real-time  Contrast  Imaging 

Real-time  contrast  imaging  was  conducted  with  the 
Verasonics  programmable  ultrasound  system  (Verasonics 
Vantage,  Redmond,  WA).  The  Verasonics  sampling  frequency 
(quadruple  of  the  base  frequency)  was  set  to  be  62.5  MHz  (15.6 
MHz  as  base  frequency),  which  is  the  maximum  frequency 
setting  of  our  Verasonics  System.  Since  the  maximum 
sampling  rate  of  the  Verasonics  system  is  62.5  MHz,  the  upper 
band  of  the  receiving  signal  is  limited  to  31.25  MHz.  The 
contrast  images  were  rendered  using  a  proprietary  Verasonics 
linear  scan  beamforming  algorithm  and  a  built-in  bandpass 
filter  (19-30  MHz).  A  plane  wave  generated  from  8  low 
frequency  sub -elements  first  excites  the  microbubble  contrast 
agents;  then  higher  order  non-linear  microbubble  responses 
were  collected  with  high  frequency  receivers;  the  position  and 
amplitude  information  of  microbubble  response  were 
reconstructed  with  dynamic  receive  focusing  of  filtered  signals. 
The  constant  f-number  on  the  receivers  was  set  to  be  1.26.  The 
maximum  voltage  of  the  low  frequency  transmitter  is  55  V  due 
to  the  limitation  of  the  Verasonics  system  at  the  functional 
frequency. 

Contrast  tests  were  conducted  in  a  water  tank  using  lipid 
coated  microbubbles  (1-10  pm  diameter)  at  diluted 
concentrations  (1  x  108  MBs/mL).  Contrast  agents  were  passed 
through  a  micro  tube  made  of  acoustically  transparent  material 
with  a  diameter  of  200  pm.  The  flow  rate  was  set  to  be  10 
mL/hr.  The  distance  between  the  transducer  and  the  micro  tube 
was  set  to  be  5.5  mm  (Figure.  5). 

Microbubbles  in  the  micro  tube  were  excited  by  the  low 
frequency  transmitter  with  a  2.23  MHz,  1 -cycle  burst  using 
either  55  V  or  35  V  excitation  for  comparison.  The 
superharmonic  non-linear  responses  from  excited 
microbubbles  were  then  detected  by  the  high  frequency 
receivers.  The  real-time  contrast  imaging,  average  of  10  images, 
was  observed  from  the  monitor  and  saved  for  later  offline 
evaluation.  The  axial  and  lateral  superharmonic  image 
resolutions  were  calculated  quantitatively  from  the  axial  and 
lateral  profile  of  the  microbubbles  responses.  The  CNR  of  the 
array  transducer  was  measured  as  the  ratio  between  maximum 
microbubble  response  and  the  mean  of  the  noise  in  an  area  of  3 
mm  by  3  mm. 


Fig.  5.  Experimental  setup  of  the  real-time  superharmonic  imaging. 


3)  Electric  Matching 

The  electrical  impedance  of  the  transducer  at  resonance  is 
inversely  proportional  to  the  capacitance  of  the  transducer  or,  in 
another  words,  the  surface  area  of  the  piezoelectric  element. 
Zocl/C^d/{£-A)  (3) 

where  Z  is  the  electrical  impedance,  C  is  the  capacitance,  d  is 
the  thickness  and  A  is  the  surface  area  of  the  piezoelectric 
element. 

Since  the  aperture  size  of  each  high  frequency  receiver  is 
small  in  the  array  design,  the  electrical  impedance  of  the  high 
frequency  receiver  is  large  (~  200  Q)  and  not  compatible  with 
most  high  frequency  systems  (50  Q).  Additionally,  because  of 
the  high  capacitive  reactance,  the  electrical  impedance  of  the 
high  frequency  receivers  is  highly  capacitive  at  resonance. 

Transmission  line  theory  allows  a  coaxial  cable  to  function 
as  an  impedance  transformer  so  that  the  device  can  be 
electrically  matched  to  the  electronics  to  avoid  reflections  and 
reduced  power  delivery  [51].  Hence,  a  coaxial  cable  was  used 
to  connect  the  transducer  array  to  the  Verasonics  system 
(Verasonics,  Redmond,  VA),  and  the  electric  impedance 
between  the  transducer  element  and  the  Verasonics  system  can 
then  be  matched  [52]. 

III.  Results  and  Discussion 

A.  Dual-frequency  Single  Element  IVUS  Transducer 

Based  on  the  finite  element  analysis  and  KLM  simulation, 
the  material  and  dimension  of  the  transducer  was  selected 
(Table  II).  The  size  of  the  low  frequency  transmitter  was  5  mm 
X  0.37  mm  x  0.3  mm.  The  high  frequency  receiver  was 
designed  with  an  aperture  size  of  0.5  mm  x  0.37  mm  x  0.07  mm 
with  a  20  pm  thick  matching  layer  (A1203/  Epo-tek  301 
(Epoxy  Technology  Inc,  Billerica,  MA)).  A  20  pm  thick 
A1203/  Epo-tek  301  layer  for  frequency  selective  isolation  was 
placed  in  between  the  two  piezoelectric  layers.  This  suppressed 
the  ringdown  and  aliasing  echo  of  the  high  frequency  receiver 
operating  in  pulse-echo  mode.  The  presence  of  the  isolation 
layer  did  not  significantly  alter  the  low  frequency  transmitted 
pressure  because  the  isolation  layer  was  thin  compared  to  the 
wavelength  of  the  low  frequency  mode  (1244  pm)  [53-55]. 
This  IVUS  transducer  achieves  low  frequency  transmission 
TABLE  II 

Design  Parameters  oe  Singee  Element  Dual-erequency  IVUS 
Transducer 


Parameter 

Transmission  layer 

Receiving  layer 

Center  Erequency 

2.25  MHz 

30  MHz 

Material 

PMN-PT 

PMN-PT 

Impedance  (MRayl) 

32 

32 

Width  (mm) 

0.37 

0.37 

Length  (mm) 

5 

0.6 

Thickness  (pm) 

300 

70 

Matching/Isolation 

Material 

A1203/epoxy 

A1203/epoxy 

Impedance  (MRayl) 

5.5 

5.5 

Matching  Thickness 
(urn) 

Isolation  layer 

Thickness  (pm) 

110 

20 

20 
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Fig.  6.  Prototype  dual-frequency  IVUS  transducer  housed  on  the  tip  of  a  20 
gauge  needle. 

at  a  size  that  is  applicable  for  use  in  interventional  procedures 
and  meets  the  size  requirements  for  typical  3  Fr  coronary 
catheters  (Figure  6).  The  -6  dB  fractional  bandwidth  of  the  high 
frequency  receiver  was  measured  to  be  32  %  with  a  center 
frequency  of  32  MHz,  covering  a  frequency  span  of  27  -  37.3 
MHz  [48].  When  a  1  cycle  burst  excitation  at  2.25  MHz  was 
applied  to  the  low  frequency  transmitter,  the  peak  negative 
pressure  at  2  mm  reached  575  kPa  at  80  V  [48],  which  is 
enough  to  excite  the  microbubbles.  Further  details  of  the 
transducer  fabrication  and  characterization  can  be  found 
elsewhere  [48]. 

The  high  frequency  response  of  microbubbles  was 
successfully  detected  by  the  high  frequency  receiver  with  a 
CNR  of  13  dB  (Figure  7a).  Microbubbles  responses  under 
different  excitation  voltages  were  compared  in  Figure  7b. 
Significant  microbubbles  responses  were  detected  with  1  cycle 
burst  excitation  of  60  V  and  80  V.  When  the  excitation  voltage 
was  lower  than  40  V,  no  microbubble  signal  could  be  detected. 
The  contrast  signal  with  an  amplitude  of  45  mV  under  24  dB 
gain  (or  2.8  mV  without  gain)  and  an  -6  dB  pulse  length  of  150 
pm  (0.1  ps)  were  achieved. 

Compared  to  our  previous  thickness  mode  dual -frequency 
IVUS  transducer  (6.5  MHz  /  30  MHz)  [35],  this  dual-frequency 
IVUS  transducer  (2.25  MHz  /  30  MHz)  with  a  lateral  mode 
transmitter  has  improved  performance  in  signal  amplitude. 


40 


2.5  3  3.5  4  4.5  5 

3)  time  (ns) 

Fig.  7.  a)  Contrast  test  result  under  80V  1 -cycle  burst  excitation,  b)  Contrast 
test  results  under  different  voltages. 


TABLE  III 

Performance  of  Singee  Element  Transducers  in  Contrast  Test 


Transducer 

#of 

Cycles 

Applied 

voltage 

Superharmonic 
echo  amplitude 

CNR 

(dB) 

-6dB 

pulse 

length 

2.25  MHz  / 
30  MHz 

1 

80  V 

2.8  mV 

13 

0.1  ps 

6.5  MHz  / 

30  MHz 

1 

98  V 

~  1.2  mV 

~6 

_ 

2 

98  V 

~  1.9  mV 

~  10 

~  0.4  ps 

5 

98  V 

~2.1  mV 

~  11 

~  0.8  ps 

CNR  and  pulse  length  of  the  superharmonic  echo  (Table  III). 
Moreover,  the  required  peak  negative  pressure  to  produce 
detectible  nonlinear  microbubble  response  has  been  cut  in  half 
to  450  kPa  (under  60  V  excitation),  with  a  relative  low 
mechanical  index  (0.3)  [48]. 

The  lower  transmission  frequency  (2.25  MHz)  can  excite  our 
standard  microbubble  population  near  resonance  to  produce 
more  nonlinear  signals  at  a  given  pressure  than  other 
frequencies.  With  lower  excitation  frequency  (2.25  MHz  vs  6.5 
MHz),  the  receiver  (30  MHz)  can  collect  higher  order  harmonic 
responses,  which  isolates  the  UCA  response  with  less  tissue 
contamination,  and  achieves  a  higher  CNR.  Also,  since  the  2.25 
MHz  transmission  excited  microbubbles  more  efficiently,  the 
pulse  length  can  be  reduced. 

With  a  lateral  mode  transmitter,  the  dual-frequency  IVUS 
transducer  achieved  2.25  MHz  /  30  MHz  with  a  diameter  less 
than  1  mm,  which  is  suitable  for  IVUS  application.  The 
aperture  size  of  this  dual-frequency  IVUS  transducer  is  3  mm 
by  0.37  mm.  Because  of  our  bonding  capability,  the  rigid  length 
of  this  prototyped  transducer  is  enlarged  to  5  mm,  which  is 
larger  than  commercial  IVUS  transducers,  and  may  cause 
difficulty  to  navigate  in  some  narrow  vessels.  The  rigid  length 
of  the  prototyped  transducer  is  still  less  than  Volcano  Eagle  Eye 
IVUS  array,  which  is  with  8  mm  in  the  total  rigid  length.  In  the 
future  work,  we  will  reduce  the  size  of  bonding  area  to  make 
the  transducer  smaller  and  more  suitable  for  IVUS  applications. 

The  results  showed  that  this  lateral  mode  dual-frequency 
IVUS  transducer  can  be  used  to  detect  super-harmonic  signals 
(12th  to  15th  harmonic)  with  a  shorter  pulse  length,  higher 
CNR  and  a  relatively  low  mechanical  index,  suggesting  a  good 
potential  for  clinical  applications. 

B.  Dual-frequency  Array  Transducer 

In  order  to  achieve  lateral  mode  transmission  at  2.25  MHz, 
the  element  size  of  the  low  frequency  layer  was  designed  as  6 
mm  X  0.35  mm  x  0.3  mm,  with  a  pitch  of  0.65  mm,  which  is 
smaller  than  one  wavelength  at  2.25  MHz.  Each  high  frequency 
receiver  was  designed  with  dimensions  of  1  mm  x  0.13  mm  x 
0.06  mm  to  obtain  a  center  frequency  of  30  MHz.  The  pitch  of 
high  frequency  receivers  was  design  to  be  160  micron,  which  is 
larger  than  three  wavelength  at  30  MHz.  This  pitch  size  is  an 
compromise  of  desired  aspect  ratio  (>  2)  and  crystal  volume 
fraction  (80  %)  based  on  our  fabrication  capability  (Table  IV). 

A  polyimide  (PI)  film  based  single  layer  flexible  printed 
circuit  (FPC)  was  used  for  both  electrical  connectivity  and  as 
the  isolation  layer  of  the  high  frequency  receivers  because  of  its 
low  acoustic  impedance.  The  thickness  of  the  PI  substrate  is 
12.5  pm  and  a  2  pm  copper  circuit  was  patterned  on  it.  As 
mentioned  previously,  the  isolation  layer  does  not  significantly 
alter  the  low  frequency  transmission  because  the  isolation  layer 
is  thin  compared  to  the  wavelength  of  the  low  frequency  mode. 
Similarly,  it  was  expected  that  the  2  pm  thick  copper  electrode 
would  not  impact  the  isolation  function  since  it  is  negligibly 
thin  compared  to  the  wavelength  of  the  receiving  array  in 
copper  (170  pm). 

The  dual-frequency  array  transducer  was  prototyped  as 
shown  in  Figure.  8.  The  flex  circuits,  PCB  board,  and  additional 
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TABLE  IV 

Design  Parameters  of  Dual-frequency  Array 


Parameter 

Transmission  layer 

Receiving  layer 

Center  Frequency 

2.25  MHz 

30  MHz 

Material 

PMN-PT 

PMN-PT 

Impedance  (MRayl) 

32 

32 

Width  (mm) 

0.35 

0.13 

Length  (mm) 

6 

1 

Thickness  (pm) 

300 

65 

Matching/Is  olation 
Material 

8  sub-elements 

32  elements 

Impedance  (MRayl) 
Matching  Thickness 
(urn) 

Isolation  layer 
Impedance  (MRayl) 
Isolation  layer 

Thickness  (pm) 

650 

350 

160 

130 

3.5 

- 

12.5 

wires  were  used  for  cable  wiring  between  the  elements  and  the 
Verasonics  connector  (DL260,  ITT  Corporation,  Santa  Ana, 
CA).  A  75  Q  multi-core  coaxial  cable  with  a  length  of  2  m, 
would  act  as  a  quarter- wave  impedance  transformer  at  30  MHz 
and  was  used  to  match  the  impedance  of  the  transducer  to 
around  30  Q  for  better  electrical  impedance  matching  between 
the  Verasonics  system  and  the  receiving  layer  of  the  transducer 
(Figure  9). 

With  a  2-meter  coaxial  cable  (75  Q),  the  -6  dB  fractional 
bandwidth  of  the  high  frequency  receiver  was  measured  to  be 
23  %  with  a  center  frequency  of  29  MHz  [50].  The  center 
frequency  and  -6  dB  fractional  bandwidth  of  the  low  frequency 
transmitter  were  measured  to  be  2.6  MHz  and  37%, 
respectively.  The  peak  negative  pressure  generated  by  the  low 
frequency  transmitter  with  the  55  V,  2.25MHz,  2 -cycle  burst 
excitation  is  over  800  kPa  at  5  mm  axially  from  the  transducer 
surface,  which  is  high  enough  to  excite  the  microbubbles  for 
superharmonic  imaging  purposes.  Acoustic  mapping  of  the  low 
frequency  transmitter  at  5.5  mm  away  from  the  aperture 
showed  that  the  pressure  is  almost  uniform  in  the  interested 
area,  which  corresponds  to  the  sensitive  region  of  the  receivers 
[50].  Further  information  of  the  transducer  fabrication  and 
characterization  has  been  previously  reported  [50]. 


Fig.  8.  Photograph  of  the  prototype  dual-frequency  array. 


Fig.  9.  High  frequency  array  with  2-meter  cable,  b)  electric  impedance  and  b) 
phase  spectrum. 
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Fig.  10.  Real-time  superharmonic  imaging,  a)  Under  55V.  b)  Under  35V. 

The  superharmonic  images  of  a  200  pm  micro  tube  with  the 
dual-frequency  array  under  different  excitation  voltages  are 
shown  in  Fig.  10.  With  1  cycle  burst  55  V  excitation  and  627 
kPa  in  PNP,  the  signal  is  clear  but  axial  resolution  is  even  worse 
than  the  lateral  resolution  (Figure  10a).  That  is  because  there 
was  not  a  backing  layer  nor  a  good  matching  layer  for  our  low 
frequency  transmitter,  leading  a  longer  pulse  length  and  ring 
down.  Besides  of  the  main  negative  peak  of  the  transmission 
wave  form,  the  other  peaks  also  exceed  the  threshold  and  can 
excite  the  microbubbles  to  generate  high  order  non-linear 
response;  thus  producing  some  axial  aliasing  of  the  micro  tube 
and  impacts  the  axial  resolution.  The  axial  resolution  can  be 
improved  with  a  lower  excitation  amplitude,  hence  the  only 
main  peak  of  the  transmission  waveform  can  excite  the 
microbubbles.  With  a  1  cycle  burst  at  35  V  and  400  kPa  in  PNP, 
only  one  spot  can  be  observed,  with  a  higher  axial  resolution 
(Figure  10b).  As  expected,  with  lower  excitation  amplitude,  the 
CNR  will  be  lower. 

The  axial  and  lateral  estimates  of  the  image  resolution  using 
different  excitation  voltages  were  calculated  by  measuring  the 
full- width  half-maximum  (FWHM)  of  the  microbubbles 
responses  from  the  enveloped  and  log  compressed  image  data. 
Raw  pixel  data  from  superharmonic  imaging  were  saved  and 
processed  with  Matlab  (MathWorks,  Natick,  MA.). 
Dimensions  of  microbubble  responses  along  the  depth  and 
lateral  directions  were  calculated  separately  to  estimate  the 
axial  and  lateral  FWHM.  The  axial  and  lateral  microbubbles 
responses  under  different  excitation  voltages  are  shown  in 
Figure  11  (under  55  V  excitation)  and  Figure  12  (under  35  V 
excitation). 

Under  55  V  excitation  there  were  two  peaks  above  -6  dB  in 
amplitude  measured  axially.  The  -6  dB  response  of  the  main 
peak  was  295  pm  and  the  total  axial  FWHM  was  600  pm.  In  the 
lateral  direction,  the  -6  dB  response  shows  that  the  lateral 
FWHM  was  271  pm.  The  decreased  CNR  in  the  lateral 
direction  may  be  attributed  to  the  pitch  size  of  the  receiving 
array  being  larger  than  3  wavelengths,  which  would  produce 
grating  lobes.  Additionally,  cross  talk  between  adjacent 
elements  may  introduce  noise  that  would  have  reduced  the 
CNR  and  resolution  of  the  system.  Overall,  the  CNR  of  the 
microbubbles  response  was  about  22  dB. 

The  axial  FWHM  using  35  V  for  the  excitation  was 
measured  as  269  pm  and  the  lateral  FWHM  was  measured  as 
200  pm.  As  expected,  the  measurements  using  a  lower 
excitation  voltage  were  better,  especially  considering  the 
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Fig.  11.  Microbubble  response  under  55  V  and  627  kPa.  a)  Axial;  b)  Lateral. 


elimination  of  multiple  images  of  the  tube  when  using  lower 
voltages.  On  the  other  hand,  the  lower  excitation  voltage  had  a 
lower  CNR.  The  CNR  was  about  17  dB. 

It  must  be  noted  that  the  micro  tube  resolution  results 
represent  the  combined  performance  of  both  the  transducer  and 
the  chosen  beamformer,  which  in  this  work  was  the 
Verasonics’  pixel-based  beamformer.  The  calculated  FWHM  is 
not  the  real  resolution  but  the  microbubble  responses  in  a  micro 
tube  which  size  is  not  negligible  compared  to  the  wavelength  of 
the  receiver.  Also,  the  FWHM  was  calculated  based  on  the 
microbubble  response,  which  may  not  fill  the  entire  chamber  of 
the  micro  tube.  Furthermore,  because  of  the  frequency 
limitation  of  the  Verasonics  system,  the  frequency  components 
above  31.25  MHz  were  cut  off  which  will  likely  impact  the 
reported  values  of  FWHM.  Even  with  this  limitation,  the 
dual-frequency  array  can  detect  the  superharmonic  response  of 
microbubbles  using  a  relatively  low  excitation  voltage. 

IV.  Conclusion 

This  paper  reports  the  use  of  lateral  mode  transmitters  both  in 
single  element  and  in  an  array  fabrication  in  order  to  detect  the 
higher  order  harmonics  for  contrast  enhanced  ultrasound.  A 
dual-frequency  single  element  IVUS  transducer  (2.25  MHz  /  30 
MHz)  with  a  lateral  mode  transmitter  was  developed  and 
characterized  by  superharmonic  contrast  testing  for  concept 
validation  before  extending  this  approach  to  an  array.  This 
transducer  was  small  enough  for  use  in  IVUS  catheter  sizes 
typically  used  for  coronary  interventions  (<3  Fr).  Additionally, 
a  dual-frequency  array  transducer  (2.25  MHz  /  30  MHz)  with 
small  lateral  mode  transmitter  (300  pm  in  thickness)  for 
superharmonic  imaging  was  developed  and  tested.  Real-time 
contrast  imaging  was  conducted  with  a  Verasonics  system. 

The  contrast  test  of  the  dual-frequency  single  element  IVUS 
transducer  shows  that  the  higher  order  non-linear  response 
(12th  to  15th  harmonic)  was  large  enough  to  be  detected  with 
low  pressure,  1 -cycle  burst  excitation.  Compared  to  our  initial 
6.5  MHz/  30  MHz  IVUS  transducer  design,  this  dual-frequency 


IVUS  transducer  with  a  lateral  mode  transmitter  (2.25  MHz  /  30 
MHz)  had  larger  signal  amplitude,  better  CNR  and  better  pulse 
length  in  contrast  tests. 

The  dual-frequency  array  transducer  with  a  lateral  mode 
transmitter  can  be  used  for  real  time  superharmonic  imaging 
with  a  low  frequency,  1  cycle  burst  excitation.  The  axial  and 
lateral  FWHM  of  a  200  pm  contrast-filled  tube  operating  in 
superharmonic  imaging  mode  were  measured  to  be  269  pm  and 
200  pm,  respectively.  The  maximum  CNR  was  calculated  to  be 
22  dB.  The  imaging  results  show  that  superharmonic  imaging 
with  a  low  frequency  lateral  mode  transmitter  is  feasible  and 
may  be  used  in  future  applications  for  contrast  agent  detection 
in  medical  ultrasound. 
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In  this  paper,  we  present  phantom  evaluation  results  of  a  stacked-type  dual-frequency  1-3  piezoelectric 
composite  transducer  as  a  feasibility  study  for  intracavitary  acoustic  angiography.  Our  previous  design 
(6.5/30  MHz  PMN-PT  single  crystal  transducer)  for  intravascular  contrast  ultrasound  imaging  exhibited 
a  contrast-to-tissue  ratio  (CTR)  of  12  dB  with  a  penetration  depth  of  2.5  mm.  For  improved  penetration 
depth  (>3  mm)  and  comparable  contrast-to-tissue  ratio  (>12dB),  we  evaluated  a  lower  frequency 
2/14  MHz  PZT  1-3  composite  transducer.  Superharmonic  imaging  performance  of  this  transducer  and 
a  detailed  characterization  of  key  parameters  for  acoustic  angiography  are  presented.  The  2/14  MHz 
arrangement  demonstrated  a  -6  dB  fractional  bandwidth  of  56.5%  for  the  transmitter  and  41.8%  for 
the  receiver,  and  produced  sufficient  peak-negative  pressures  (>1.5  MPa)  at  2  MHz  to  induce  a  strong 
nonlinear  harmonic  response  from  microbubble  contrast  agents.  In  an  in-vitro  contrast  ultrasound  study 
using  a  tissue  mimicking  phantom  and  200  \xm  cellulose  microvessels,  higher  harmonic  microbubble 
responses,  from  the  5th  through  the  7th  harmonics,  were  detected  with  a  signal-to-noise  ratio  of 
16  dB.  The  microvessels  were  resolved  in  a  two-dimensional  image  with  a  -6  dB  axial  resolution  of 
615  |im  (5.5  times  the  wavelength  of  14  MHz  waves)  and  a  contrast-to-tissue  ratio  of  16  dB.  This 
feasibility  study,  including  detailed  explanation  of  phantom  evaluation  and  characterization  procedures 
for  key  parameters,  will  be  useful  for  the  development  of  future  dual-frequency  array  transducers  for 
intracavitary  acoustic  angiography. 

©  2015  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Acoustic  angiography  is  a  contrast  enhanced  ultrasound 
imaging  technique  based  on  superharmonic  bubble  imaging.  This 
technique  provides  high-resolution  (<200  pm)  images  of  microvas¬ 
culature  with  suppression  of  tissue  background  [1,2].  When  cou¬ 
pled  with  an  analysis  of  microvascular  morphology  and  vessel 
density,  data  obtained  with  acoustic  angiography  can  be  used  as 
a  tool  to  assess  solid  tumors  based  on  their  vasculature  rather  than 
the  tumor  mass  itself  [3,4].  In  order  to  perform  this  imaging  tech¬ 
nique,  a  transducer  arrangement  with  an  ultra-wide  bandwidth 
(from  a  fundamental  resonance  to  >3rd  harmonics)  is  required, 
and  typically  multi-element  transducers  are  used  [5].  One  such 
arrangement  is  to  utilize  a  transmitter  (center  frequency  of 
1-5  MHz)  for  excitation  of  microbubbles  near  their  resonance  fre¬ 
quency,  and  a  receiver  for  detection  of  superharmonic  microbubble 
echoes  (>3rd  harmonics)  [5,6].  However,  the  main  challenge  of 
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acoustic  angiography  has  been  the  lack  of  customized 
dual-frequency  transducers  which  can  perform  satisfactorily 
across  this  wide  bandwidth. 

To  date,  several  groups  have  demonstrated  dual-frequency 
arrays  [7]  or  mechanically  scanned  systems  [8]  for  transmit-low, 
receive-high  imaging.  However,  no  dual-frequency  transducer  able 
to  perform  acoustic  angiography  has  yet  been  optimized  for  intra¬ 
cavitary  ultrasound  imaging  applications  such  as  transrectal  and 
transvaginal  ultrasound.  We  hypothesize  that  such  a  transducer 
could  provide  valuable  information  regarding  microvascular  den¬ 
sity  and  morphology  associated  with  prostate,  ovarian,  and  other 
cancers  accessible  by  intracavitary  probes. 

For  the  application  of  contrast  enhanced  intravascular  ultra¬ 
sound  (CE-IVUS),  a  6.5/30  MHz  dual-frequency  transducer  was 
developed  with  a  small  aperture  size  (0.6  x  3  mm  aperture  and 
<600  pm  thickness).  The  6.5  MHz-PMN-PT  single  crystal  transmit¬ 
ter  with  an  aperture  size  of  600  pm  (12)  x  3  mm  (52)  and  a  thick¬ 
ness  of  300  pm  (0.52)  was  stacked  with  a  30  MHz-crystal  receiver 
with  an  aperture  size  of  600  pm  (52)  x  500  pm  (42)  and  a  thickness 
of  65  pm  (0.52),  where  2  denotes  the  respective  wavelength  of  each 
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Fig.  1.  Schematic  of  the  stacked-type  dual-frequency  transducer  for  acoustic  angiography. 


acoustic  medium  [3].  This  CE-IVUS  transducer  was  designed  with  a 
compact  and  simple  form-factor,  and  yielded  results  with  a 
contrast-to-tissue  ratio  (CTR)  of  12  dB.  However,  the  transducer 
size,  frequency  combination,  and  penetration  depth  (2.5  mm,  or 
502  with  respect  to  the  30  MHz  receiver)  were  optimized  only 
for  IVUS  applications,  and  hence  are  not  applicable  to  the  intracav¬ 
itary  applications  mentioned  above. 

In  order  to  achieve  deeper  imaging  penetration  with  a 
form-factor  suitable  for  intracavitary  use,  we  have  recently  devel¬ 
oped  2/14  MHz  dual-frequency  transducers  with  a  lateral  dimen¬ 
sion  of  8x4mm^  and  a  total  thickness  of  1mm  (Fig.  1).  A 
2  MHz-1 -3  composite  transmitter  with  an  aperture  size  of 
3.8  mm  (22)  x  7  mm  (3.82)  and  a  thickness  of  710  pm  (0.42)  was 
stacked  with  a  14  MHz-composite  receiver  with  an  aperture  size 
of  2  mm  (7.52)  x  2  mm  (7.52)  and  a  thickness  of  90  pm  (0.352) 
[9].  Although  the  design  concept  was  briefly  introduced  in  our  pre¬ 
vious  work  [9],  experimental  superharmonic  imaging  performance 
was  not  evaluated. 

Hence,  in  this  paper,  we  present  in-vitro  phantom  imaging 
results  using  a  prototype  stacked-type  dual-frequency  1-3  com¬ 
posite  transducer.  The  purpose  of  this  study  is  to  assess  the  feasi¬ 
bility  of  this  new  dual-frequency  transducer  design  for 
intracavitary  acoustic  angiography  through  acoustic  characteriza¬ 
tion  of  transducer  performance. 

2.  Materials  and  methods 

2.1.  Piezoelectric  materials  and  design  methods 

A  PZT-5H  1-3  piezoelectric  composite  (volume  fraction  of  60%, 
Blatek,  Inc.,  State  College,  PA)  was  used  for  both  the  transmitter 
and  receiver  due  to  its  relatively  high  electro-mechanical  coupling 
factor  (/<t  of  0.65)  and  low  acoustic  impedance  (19.8MRayl) 
[10,11].  The  1-3  composite  has  several  advantages  over  the  con¬ 
ventional  PMN-PT  single  crystal  design,  especially  for  the 
low-frequency  transmitter.  Due  to  its  relatively  low  stiffness 
(~70GPa  of  effective  Young’s  modulus),  the  aperture  can  be 
designed  with  a  small  thickness  (~710  pm,  0.42  of  2  MHz  vibra¬ 
tion)  at  the  designed  operating  frequency  (2  MHz).  An  additional 
advantage  is  the  laterally  isolated  connectivity  of  1-3  composites, 
can  suppress  the  mode-coupling  between  the  thickness  and  lateral 
resonance  modes  when  a  small  aperture  (width  to  thickness  ratio 
of  <3)  is  required.  Therefore,  a  low  aspect  ratio  (width  to  thickness, 
<3)  active  layer  can  be  achieved  by  using  1-3  composites,  which  is 
advantageous  for  the  design  of  small  size  transducers  required  for 
interventional  applications  [9]. 

The  matching  and  isolation  layers  were  designed  by  using  the 
Krimholtz-Leedom-Matthaei  (KLM)  model  and  finite  element 


analysis  (FEA).  The  transmitting  frequency  was  selected  to  be 
2  MHz  which  is  near  the  resonance  frequency  of  polydispersed 
(0.9  ±  0.45  pm  in  diameter)  microbubbles  determined  in  previous 
work  [1].  The  microbubbles  consisted  of  a  decafiuorobutane  core 
with  a  stabilizing  phospholipid  monolayer  shell,  enriched  with 
polyethylene  glycol.  Detailed  procedures  for  microbubble  prepara¬ 
tion  can  be  found  in  previous  work  [12].  Lindsey  et  al.  demon¬ 
strated  that  10  MHz  and  15  MHz  receiving  frequencies  exhibited 
higher  CTR  than  other  higher  (20  MHz  and  25  MHz)  or  lower 
(7.5  MHz)  receiving  frequencies  using  the  same  type  of  microbub¬ 
ble  population  [1].  Based  on  these  results,  we  selected  a  receiving 
frequency  range  of  12-14  MHz  that  corresponds  to  6th  and  7th 
harmonics  of  the  transmitter. 


2.2.  Acoustic  characterization  methods 

Pulse-echo,  wave-form,  and  output  pressure  tests  were  per¬ 
formed  to  characterize  key  acoustic  parameters  for  the  prototyped 
transducer  prior  to  microbubble  detection  and  superharmonic 
imaging  tests.  The  key  parameters  were  selected  based  on  our  pre¬ 
vious  studies  [1,6].  A  summary  of  the  measured  parameters 
obtained  using  each  characterization  method  and  their  relevance 
are  included  in  Table  1.  Experimental  setups  for  each  characteriza¬ 
tion  procedure  are  depicted  in  Fig.  2,  and  detailed  information  of 
the  equipment  including  input  conditions  are  summarized  in 
Table  2. 

During  the  pulse-echo  test,  illustrated  in  Fig.  2(a),  a  stainless 
steel  block,  positioned  at  approximately  10  mm  away  from  the 
transducer,  was  used  as  a  target.  The  2  MHz-transmitter  and  the 
14-MHz  receiver  were  tested  with  two  different  pulser/receivers 
considering  their  different  usable  frequency  ranges.  The  5077PR 
and  5900PR  pulser/receivers  are  typically  used  for  the  0.5- 
20  MHz  and  10-125  MHz  frequency  ranges,  respectively. 

For  the  transmission  waveform  test,  illustrated  in  Fig.  2(b),  a 
hydrophone  was  positioned  approximately  10  mm  away  from  the 
transducer  and  was  connected  to  an  oscilloscope  through  a  20  dB 
gain  amplifier.  For  microbubble  imaging,  only  one  distinct  negative 
peak  (>6  dB  greater  than  neighboring  peaks)  is  preferable  because 
increasing  the  number  of  excitation  cycles  results  in  the  degrada¬ 
tion  of  axial  resolution  due  to  a  longer  microbubble  harmonic 
response.  Thus,  the  relative  peak  values  with  a  different  number 
of  cycles  (1-4  cycles)  and  wave  forms  (sine  or  cosine)  were  com¬ 
pared  to  determine  the  best  input  conditions  for  imaging. 

For  the  pressure  output  tests  (illustrated  in  Fig.  2(c)),  a  60  dB 
radio-frequency  amplifier  was  used  to  measure  peak  negative 
pressure  (PNP)  values  at  different  excitation  voltages.  The  trans¬ 
mitting  element  was  driven  by  one-  and  two-cycle  sinusoidal 
inputs  at  2  MHz  with  various  peak-to-peak  voltages  (100,  150, 
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Table  1 

Characterization  methods  for  important  acoustic  parameters  and  their  relevance  to  acoustic  angiography.  (TX,  RX,  FBW,  PNP,  MI,  and  SNR  denote  transmitter,  receiver,  fractional 
bandwidth,  peak- negative-  pressure,  mechanical  index,  and  signal-to-noise  ratio,  respectively.). 


Methods  Acoustic  parameters 


Relevance  to  acoustic  angiography 


Pulse-echo  test  •  Center  frequency  of  TX 

•  -6  dB  FBW  of  TX 

•  Center  frequency  of  RX 

•  -6  dB  FBW  of  RX 

•  Pulse-echo  sensitivity  of  RX 

Wave  form  test  •  Normalized  PNP  for  various  number  of  input 
cycles  (TX) 


Pressure  output  •  PNP  (TX) 

test  •  MI  (TX) 


•  TX  center  frequency  affects  MI  and  CTR;  center  frequency  should  be  near  the  microbubble 
resonance  (1-5  MHz)  [5] 

•  -6  dB  FBW  of  TX  affects  rise  time  and  ring  down  time  for  microbubble  excitation  [9] 

•  RX  center  frequency  determines  detectable  order  of  harmonic  responses 

•  -6  dB  FBW  of  RX  determines  an  axial  resolution  of  vascular  images 

•  Pulse-echo  sensitivity  of  RX  affects  SNR  and  CTR  [6] 

•  Input  excitation  function  (sine  or  cosine)  for  acoustic  angiography  is  determined  by  the  mea¬ 
sured  wave  form 

•  Number  of  input  cycle  affects  an  axial  resolution  of  vascular  images 

•  PNP  determines  MI;  MI  is  required  to  be  lower  than  1.9  for  diagnostic  ultrasound  (FDA 
stipulation) 

•  Excitation  of  microbubbles  with  moderate  PNP  is  required  for  nonlinear  harmonic  responses 
of  microbubbles 

•  MI  affects  CTR  and  SNR  [1  ] 


AmplifieiT 


function  , 
generator 
Trigger 


Ir 


Water  tank 


Transducer 


(b) 


•  Amplifier 


RF  amplifier  ,  function  - 
generator 


Hydrophone  ^ 

(HGL-0085)  t  OsciloTcope 


Osciloscope 


Water  tank  Transducer 

(C) 


Fig.  2.  Experimental  setup  for  each  characterization  method;  (a)  pulse-echo  test  for  both  transmitter  and  receiver,  (b)  transmitting  wave  form  test  for  the  transmitter,  (c) 
pressure  output  test  for  the  transmitter. 


Table  2 

Equipment  and  input  conditions  for  each  characterization  method. 


Methods  Equipment 


Input  condition 


Pulse-echo  test 


Wave  form  test 


Pressure  output 
test 


•  Square  wave  pulser/receiver  (Olympus  5077PR,  Olympus  NDT,  Inc.,  Waltham,  MA) 
for  TX  test 

•  Olympus  5900PR  (Panametrics  Inc.,  Waltham,  MA)  for  RX  test 

•  Digital  oscilloscope  (DSO7104B,  Agilent  Technologies  Inc.,  Santa  Clara,  CA) 

•  Arbitrary  function  generator  (AFG3101,  Tektronix  Inc.,  Beaverton,  OR) 

•  Hydrophone  (HGL-0085,  Onda  Corp.,  Sunnyvale,  CA) 

•  20  dB  gain  preamplifier  (AH-2010,  Onda  Corp.,  Sunnyvale,  CA) 

•  Digital  oscilloscope  (DSO7104B) 

•  Arbitrary  function  generator  (AFG3101) 

•  Needle  hydrophone  (HNA-0400,  Onda  Corp.,  Sunnyvale,  CA) 

•  20  dB  gain  preamplifier  (AH-1100,  Onda  Corp.,  Sunnyvale,  CA) 

•  60  dB  radio-frequency  amplifier  (Model  3200L,  Electronic  Navigation  Industries 
Inc.,  Rochester,  NY) 

•  Digital  oscilloscope  (DSO7104B) 


•  100  Vpp  for  TX  test 

•  65  Vpp  for  RX  test 


•  10  Vpp  input  voltage 

•  1,  2,  3  and  4  cycles  of  sine  and  cosine  waveform  at 
2  MHz 

•  1  and  2  cycles  of  sinusoidal  waveform  at  2  MHz 

•  100,  150,  200,  250,  and  300  mVpp  amplified  by  a  60  dB 
RF  amplifier 


200,  250,  and  300  mVpp  with  60  dB  gain).  A  needle  hydrophone 
was  used  to  measure  the  output  PNP  because  it  is  durable  to 
high-intensity  ultrasound  fields  (15  MPa  peak  positive  and 
3.7  MPa  negative  pressure  for  1.5  MHz  source).  The  mechanical 
index  (Ml)  corresponding  to  the  measured  PNP  with  each  input 
condition  was  analyzed. 

2.3.  Tissue -mimicking  phantom  fabrication 

A  graphite-gelatin  phantom  was  used  for  this  study  to  validate 
the  detection  of  higher  harmonic  microbubble  signal  within  a  scat¬ 
tering  and  attenuating  environment.  The  phantom  was  composed 


of  92.5%  de-ionized  water,  5%  n-propanol  (to  adjust  for  speed  of 
sound),  2.5%  Kodak  Photo-Flo  200  (surfactant),  7.5  g/mL  porcine 
gelatin,  and  0.115  g/mL  graphite.  The  concentration  of  graphite 
was  chosen  to  match  experimental  attenuation  data  for  normal 
human  prostate  tissue  of  0.75  dB/cm/MHz  [13].  The  ingredients 
were  mixed  with  a  stir  bar  over  a  stir  plate  and  simultaneously 
heated  to  40-45  °C.  Once  the  liquid  phantom  cooled  down  to 
30  °C,  it  was  poured  into  a  custom  mold  and  refrigerated  for 
24  h.  The  design  of  the  mold  consisted  of  two  parallel  cellulose 
tubes  (200  pm  diameter)  suspended  in  a  hollow  rectangular  cup. 
The  cellulose  tubes  were  bound  to  a  larger  diameter  polyethylene 
tube,  used  for  fluid  input,  using  a  water-proof  adhesive.  The 
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Fig.  3.  Experimental  setup  and  data  processing  steps  for  the  microbubble  detection  test  and  superharmonic  imaging  with  a  tissue  phantom. 


distance  from  the  cellulose  tube  to  the  surface  of  the  phantom  was 
approximately  5  mm,  with  a  tube  separation  of  5  mm  (Fig.  3). 

2.4.  Bubble  signal  detection  and  superharmonic  imaging 

The  tissue-mimicking  phantom  previously  described  was  used 
for  both  microbubble  signal  detection  and  phantom  blood  vessel 
imaging  (Fig.  3).  The  transducer  was  positioned  at  8  mm  away 
from  the  tissue  phantom  surface  (approximately  13  mm  away 
from  the  tubes).  The  8  mm  distance  was  selected  as  approximately 
twice  of  the  estimated  far  field  distance  of  the  transmitter  (4  mm) 
to  remove  pressure  fluctuation  in  the  near  field  region.  For 
microbubble  signal  detection,  only  one  cellulose  tube  was  used, 
using  three  different  scenarios  including  the  cellulose  tube  filled 
with  air,  de-ionized  water,  and  microbubbles.  The  stock  microbub¬ 
ble  solution  was  1  x  10^°  microbubbles/ml,  and  the  solution  was 
diluted  1 :100  in  saline.  In  each  case,  the  received  signals  were  pro¬ 
cessed  to  obtain  the  frequency  spectrum,  and  band-pass  filtered 
with  a  frequency  window  of  10-15  MHz  by  using  a  5th  order 
Butterworth  filter  (MATLAB,  Mathworks  Inc.,  Natick,  MA)  to  obtain 
the  higher-harmonic  content  of  the  signals.  When  the  cellulose 
tube  was  infused  with  microbubbles,  SNR  and  CTR  were  calculated 
and  compared  using  following  equations  [1]: 

SNR  =  20  ■  log  (1) 

\  V  noise  / 

CTR  =  20  ■  log  (2) 

\  I'  tissue  / 

where  Vbubbie  denotes  the  detected  peak  voltage  amplitude  from 
microbubbles,  and  ^tissue  and  Vnoise  are  the  peak  voltage  amplitude 
detected  from  the  tissue-phantom  and  water,  respectively. 

When  performing  superharmonic  imaging  tests,  2D  images  of 
the  tissue-phantom  with  microbubbles  flowing  through  the  cellu¬ 
lose  tubes  {x-y  plane  in  Fig.  3)  were  acquired.  The  transducer  was 
13  mm  away  from  the  tubes  and  scanned  along  the  lateral  axis 
(x-direction  in  Fig.  3)  in  500  pm  increments  using  a  3-axis  linear 
motion  stage.  Both  cellulose  tubes  were  infused  with  microbubbles 
simultaneously  during  the  linear  scanning  using  a  syringe  pump 
set  an  infusion  rate  of  50  pL/min.  The  same  function  generator 
and  RF  power  amplifier  used  for  testing  the  pressure  output  were 
used  for  the  superharmonic  imaging  tests  (300  mVpp  and  60  dB 
gain).  One-  and  two-cycle  sinusoidal  inputs  at  2  MHz  were  applied, 
respectively,  and  SNR,  CTR  and  -6  dB  axial  resolution  under 


different  input  conditions  were  obtained  and  compared.  The 
received  microbubble  signals  were  high-pass  filtered  at  10  MHz 
using  a  HC7  filter  (TTE  Filters,  LLC.,  Los  Angeles,  CA)  to  eliminate 
the  fundamental  and  lower-order  harmonic  responses  (<5th  har¬ 
monic)  from  the  tissue  phantom.  100  A-lines  acquired  using  a 
broadband  receiver  (BR-640,  RITEC  Inc.  Warwick,  Rl)  with  a 
16  dB  gain  were  individually  stored  using  an  analog-to-digital  con¬ 
verter  (National  Instruments,  Austin,  TX)  and  converted  to  B-mode 
images  offline. 

3.  Results  and  discussion 

3.1.  Design  and  fabrication  results 

The  key  design  features  of  the  prototype  transducer  are  summa¬ 
rized  as  follows. 

(1)  1-3  piezoelectric  composites  were  used  for  both  the  trans¬ 
mitter  and  receiver  due  to  their  wideband  (short  pulse) 
characteristics  and  low-profile. 

(2)  The  prototype  was  designed  without  a  highly  attenuative 
(~16dB/mm  loss  at  2  MHz)  and  thick  backing  layer 
(>4  mm  to  remove  reflected  echoes  from  the  back  side)  in 
order  to  reduce  the  total  thickness  of  the  transducer. 
Another  reason  for  designing  the  transducer  without  a  back¬ 
ing  layer  was  to  produce  a  PNP  of  >1.5  MPa  for  the  genera¬ 
tion  of  nonlinear  harmonic  echoes  from  microbubbles, 
otherwise  difficult  to  achieve  with  a  heavy  backing  layer 
(>10  MRayl,  ~16  dB/mm  loss  at  2  MHz).  The  intrinsic  wide¬ 
band  characteristics  of  the  1-3  composite  compensate  for 
the  reduced  bandwidth  caused  by  the  absence  of  the  backing 
layer.  KLM  modeling  results  demonstrated  that  1-3  compos¬ 
ite  with  heavy  backing  (10  MRayl,  4  mm  thick,  16  dB/mm 
loss  at  2  MHz)  results  in  3%  greater  -6  dB  fractional  band¬ 
width  than  with  air-backing. 

(3)  The  high-frequency  (14  MHz)  receiver  was  included  in  the 
matching  layer  of  the  low-frequency  (2  MHz)  transmitter 
to  share  a  coaxial  beam  profile  for  the  dual-frequency  mode. 

(4)  To  account  for  the  acoustic  impedance  mismatch  (5.5  and 
50  MRayl),  a  dual-isolation  layer  was  used  between  the 
receiver  and  transmitter,  which  blocks  the  penetration  of 
received  signals  from  the  transmitter  and  eliminates  the 
aliasing  echo  reflected  from  the  backside  of  the  transmitter 
[14]. 
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A  detailed  explanation  of  the  design  technique  and  procedures 
and  the  fabrication  procedures  are  summarized  in  our  previous 
work  [9].  Based  on  the  design  parameters  (Table  3),  stacked-type 
dual-frequency  transducer  prototypes  were  fabricated  (Fig.  4) 
and  mounted  on  the  tip  of  a  16-gauge  needle  (All-Spec  Industries 
Inc.,  Wilmington,  NC). 


3.2.  Pulse-echo  response  results 

The  pulse-echo  response  of  the  transmitter  demonstrated  a  cen¬ 
ter  frequency  of  2.2  MHz,  peak-to-peak  echo  amplitude  of  2.65  V, 
and  a  -6  dB  fractional  bandwidth  of  56.5%  (Fig.  5(a)).  An  accept¬ 
able  -6  dB  fractional  bandwidth  of  56.5%  was  obtained  without  a 


backing  layer.  Although  the  backside  of  the  transmitter  is  close 
to  the  free  boundary,  which  cannot  absorb  backward  travelling 
waves,  the  low  acoustic  impedance  (19.8  MRayl)  and  low  mechan¬ 
ical  quality  factor  of  1-3  composites  (<50)  enable  a  short 
pulse-echo  response  (-6dB  pulse  duration  of  0.57  ps)  from  the 
low-frequency  transmitter.  The  small-amplitude  (-14  dB  to  the 
peak  echo)  ringing  of  the  echo  signal  is  likely  due  to  the  mounting 
condition  of  the  transducer  on  the  needle  tip,  which  can  cause  a 
flexural  (bending)  vibration  of  the  attached  transmitting  element. 
However,  this  vibration  is  negligible  because  its  low  echo  ampli¬ 
tude  (-14  dB)  is  unable  to  elicit  a  detectable  nonlinear  microbub¬ 
ble  response  during  imaging. 

The  receiving  element  demonstrated  a  center  frequency  of 
13.7  MHz,  peak-to-peak  echo  amplitude  of  325  mV,  and  the 


Table  3 

Material  properties  and  dimensions  of  each  constitutive  component  of  the  transducer.  The  active  material  volume  fraction  of  1  -3  composite  is  60%.  p  =  density,  V[  =  longitudinal 
wave  velocity,  kt  =  thickness  mode  electromechanical  coupling  factor,  8^3/80  =  dielectric  constant.  Material  properties  of  E-solder  3022  and  epoxy  (EPO-TEK  301)  are  from  the 
reference  [15]. 


Components 

Material 

Dimension  (mm^) 

P  (kg/m^) 

vi  (m/s) 

kt 

833 /Sq 

Transmitter 

PZT-5H  1-3  composite 

3.8  X  7.0  X  0.71 

5300 

3740 

0.65 

660 

Matching  layer  (TX) 

AbOg/epoxy 

3.8  X  6.5  X  0.29 

2000 

2800 

- 

- 

Isolation  layer  1 

E-solder  3022 

2.0  X  2.0  X  0.06 

2590 

2110 

- 

- 

Isolation  layer  2 

Carbon  steel 

2.0  X  2.0  X  0.08 

7700 

6100 

- 

- 

Receiver 

PZT-5H  1-3  composite 

2.0  X  2.0  X  0.09 

5300 

3740 

0.65 

660 

Matching  layer  (RX) 

AbOg/epoxy 

2.0  X  2.0  X  0.06 

2000 

2800 

- 

- 

(a) 

Fig.  4.  The  prototyped  dual-frequency  transducer;  (a)  prototype  transducer  housed  on 
prototyped  transducer. 
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the  tip  of  a  16-gauge  needle,  (b)  cross  sectional  view  of  the  center  part  of  the 
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Fig.  5.  Pulse-echo  test  results  of  the  prototype  dual-frequency  transducer;  (a)  response  of  the  transmitter,  (b)  response  of  the  receiver. 
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-6  dB  fractional  bandwidth  of  41.8%  (Fig.  5(b)).  It  showed  a  rela¬ 
tively  long  ring  down  (-6dB  pulse  duration  of  16.4  ns,  spatial 
pulse  length  of  2.22)  due  to  the  dual-isolation  layer  which  is 
designed  to  reflect  high-frequency  waves  [14].  Despite  the  fact  that 
no  perfect  lossy  backing  layer  exists  for  the  receiving  element,  the 
measured  response  from  the  receiver  showed  a  sufficient  -6  dB 
bandwidth  to  cover  the  6th  and  7th  harmonic  frequencies  (12- 
14  MHz). 

3.3.  Transmitting  waveform  test  results 

Testing  different  number  of  cycles  (1-4  cycles  of  lOVpp 
sine-waveform-input  at  2  MHz)  for  the  transmitting  waveform 
showed  that  PNP  increased  with  the  number  of  cycles  (Fig.  6(a)). 
The  measured  data  was  normalized  by  the  absolute  peak  value 
achieved  with  the  4-cycle  excitation.  The  results  show  that  there 
is  significant  difference  in  PNP  between  the  1 -cycle  and  2-cycle 
excitations  (58  vs  88%),  whereas  the  2,  3,  and  4-cycle  excitations 
exhibited  a  relatively  small  difference  in  peak  amplitudes  (88, 
93.5,  and  100%,  respectively).  Although  3  and  4-cycle  excitations 
or  excitations  with  even  higher  number  of  cycles  can  generate 
higher  peak  pressures,  a  long  excitation  (e.g.  3-4  cycles)  is  accom¬ 
panied  with  a  decrease  of  axial  resolution  due  to  the  respective 


increase  in  the  length  of  microbubble  response.  The  axial  resolu¬ 
tion  was  estimated  to  be  450  pm  (42  at  14  MHz),  which  is  worse 
than  achieved  in  our  previous  work  (200  pm,  42  at  30  MHz)  [6]. 
This  reduction  in  resolution  is  an  inherent  trade-off  with  the  low¬ 
ered  frequency  combination  (from  6.5/30  MHz  to  2/14  MHz), 
which  was  chosen  to  achieve  a  greater  (>3  mm)  penetration  depth 
with  comparable  CTR  (12  dB).  Thus,  1  and  2-cycle  excitations  using 
a  cosine-wave  form  were  considered  as  the  input  condition  for  fur¬ 
ther  acoustic  characterization  and  superharmonic  imaging. 

3.4.  Pressure  output  test  results 

The  acoustic  pressure  produced  at  various  voltage  inputs  were 
measured  to  determine  the  proper  input  conditions  for  acoustic 
angiography  (Fig.  7).  The  maximum  PNP  measured  at  a  distance 
of  13  mm  was  1.97  MPa  with  a  1-cyle  burst  and  2.31  MPa  with  a 
2-cycle  burst,  both  with  an  input  voltage  of  300  Vpp  (300  mVpp 
with  60  dB  gain).  The  corresponding  MI  values  for  the  1 -cycle 
and  2-cycle  input  waveforms  were  1.39  and  1.63  respectively. 
These  values  meet  the  estimated  PNP  requirement  (>1.5  MPa)  for 
CTR  comparable  with  our  previous  work  (>12dB).  300  Vpp 
(106  Vrms)  is  about  38%  of  the  AC  depoling  field  of  PZT-5H  ceramics 
(4kVrnis/cm  or  280  Vrms  for  710  pm  thickness),  which  may  be 


(a) 


Fig.  6.  Transmitting  waveform  test  with  1-4  cycles  of  2  MHz  sine-wave  excitation;  (a)  normalized  waveform  comparison  for  each  case  of  excitation,  (b)  peak  amplitude 
(either  positive  or  negative  peak)  comparison  for  each  case  of  excitation. 
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Fig.  7.  Measurements  for  different  transmitted  pressures  of  100-300  Vpp  (100-300  mVpp  with  60  dB  gain)  cosine-wave  form  excitation  at  2  MHz;  (a)  1-cycle  excitation,  (b) 
relation  of  peak  negative  pressure  (PNP)  and  input  voltage;  corresponding  mechanical  index  values  to  PNP  of  0.4-3. 2  MPa  are  labeled  at  the  right  vertical  axis. 
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slightly  higher  than  the  voltage  recommended  by  some  PZT  man¬ 
ufacturers  due  to  depoling  concerns,  (e.g.,  30%  of  depoling  voltage) 
[16].  In  this  work,  the  transmitter  was  excited  with  a  low  duty 
cycle  (0.2-0.4%  with  a  pulse-repetition  rate  of  4  kHz)  at  300  Vpp. 
Although  no  degradation  of  output  pressure  was  observed  during 
acoustic  tests  and  phantom  evaluations,  the  input  voltage  required 
to  produce  a  sufficient  PNP  (>1.5  MPa)  needs  to  be  lower  than 
300  Vpp.  The  input  voltage  can  be  reduced  by  using  an  impedance 
matching  circuit  or  multi-layer  design  to  decrease  the  electrical 
impedance  at  2  MHz  (~150  Q)  to  close  to  50  Cl. 

3.5.  Microbubble  signal  detection  results 

For  the  case  of  water  injected  into  a  microcellulose  tube 
(200  pm  diameter),  the  detected  signal  showed  only  acoustic 
reflections  from  the  tissue-phantom  boundary  (Fig.  8(a)).  No  signal 
was  reflected  from  the  tube  due  to  its  negligible  wall  thickness 
(<1  pm,  less  than  0.0012  for  2  MHz  waves)  and  its  similar  acoustic 
impedance  to  that  of  the  tissue-mimicking  phantom  and  water.  For 
the  case  of  air  injected  into  the  tube  after  water  was  drained  out 
completely,  the  high-frequency  receiver  detected  a  2  MHz  funda¬ 
mental  response  from  the  air-filled  tube,  followed  by  the  phantom 
boundary  reflection.  Due  to  the  large  acoustic  impedance  differ¬ 
ence  between  air  (415  Rayl)  and  water  (1.5  MRayl),  the  fundamen¬ 
tal  frequency  dominated  the  frequency  content  of  the  response 
from  air. 


The  signal  detected  from  the  tube  infused  with  microbubbles 
showed  a  reduced  peak-to-peak  amplitude  (87%)  and  a  distorted 
waveform  when  compared  with  the  linear  signal  from  the 
tissue-phantom  boundary  (Fig.  8(b)).  This  is  due  to  the  nonlinear 
response  of  the  microbubbles.  However,  the  higher  frequency 
(>2  MHz)  components  from  the  microbubble  response  were  not 
explicit  in  the  detected  signal.  Therefore,  the  frequency  spectrum 
of  the  response  from  microbubbles  and  air  were  analyzed  and 
compared  (Fig.  8(c)).  A  time  range  of  19-21.5  ps  was  used  as  the 
window  for  the  fast  Fourier  transform  that  contained  the  signal 
from  the  tube.  In  addition  to  a  strong  second-harmonic  response 
(-10  dB),  the  microbubble  frequency  spectrum  showed  high 
amplitudes  at  the  4th  through  the  7th  harmonics  (-23  to 
-30  dB),  whereas  the  air-filled  tube  showed  these  same 
harmonic  components  as  less  than  -40  dB  in  amplitude.  This  com¬ 
parison  clearly  demonstrates  that  the  microbubble  response  con¬ 
tains  13-20  dB  greater  higher-harmonic-frequency  (10-15  MHz) 
components. 

The  microbubble  and  air  signals  were  filtered  using  a  5th  order 
Butterworth  band-pass  filter  (10-15  MHz)  and  compared 
(Fig.  8(d)).  After  the  fundamental  frequency  component  was  com¬ 
pletely  removed  from  both  the  air  and  microbubble  signals,  only 
the  filtered  microbubble  signal  exhibited  high-frequency  harmon¬ 
ics  with  peak-to-peak  amplitudes  of  13.5  mV,  without  amplifica¬ 
tion.  The  filtered  signal  from  air  showed  only  noise  level  signals 
(<1.2mVpp).  Overall,  the  superharmonic  responses  of  the 
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Fig.  8.  Microbubble  signal  detection  test  results;  voltage  amplitude  comparison  between  (a)  air  vs  water,  (b-d)  microbubbles  vs  air;  (c)  frequency  spectra  transformed  with 
the  FFT  window  of  19-21.5  ps  in  (b),  (d)  amplitudes  filtered  by  a  5th  order  Butterworth  band-pass  filter  (10-15  MHz). 
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Fig.  9.  Envelope  amplitude  comparison  between  1 -cycle  and  2-cycle  excitation. 

microbubbles  (5th  through  7th  harmonics)  were  successfully 
detected  with  a  penetration  depth  of  about  5  mm  in  a  tissue 
phantom. 

Fig.  9  shows  the  comparison  between  the  detected  microbubble 
signals  from  1 -cycle  and  2-cycle  excitations.  The  microbubble  sig¬ 
nals  were  band-pass  filtered  (10-15  MHz)  and  envelope  was 
detected.  The  comparison  showed  that  the  1 -cycle  excitation  pro¬ 
duced  a  microbubble  SNR  of  16  dB,  CTR  of  16  dB,  and  -6  dB 
pulse-length  of  0.57  ps  and  the  2-cycle  excitation  produced  a 
SNR  of  20  dB,  CTR  of  7  dB,  and  -6  dB  pulse-length  of  1.09  ps. 
Microbubble  SNR  increased  due  to  the  higher  Ml  (~1.63)  produced 
by  the  2-cycle  excitation,  but  the  additional  pulse  cycles  degraded 
resolution.  It  should  also  be  noted  that  CTR  decreased  with  increas¬ 
ing  number  of  cycle  (16  dB  to  7  dB).  It  was  noted  that  with  a 
2-cycle  excitation,  there  was  a  distinguishable  high-frequency 
(10-15  MHz)  signal  from  the  tissue-phantom  surface.  This  phe¬ 
nomenon  was  observed  in  previous  work  [6]  as  well,  where  har¬ 
monic  signals  were  detected  from  a  steel  rod  acting  as  a  linear 
reflector.  This  may  be  due  to  the  reverberation  caused  by  the 
increased  number  of  cycle  as  well  as  the  direct  reflection  of  har¬ 
monic  components  in  2  MHz-transmitting  signal. 

3.6.  Superharmonic  imaging  results 

The  cellulose  tubes  in  the  tissue-mimicking  phantom  were 
scanned  by  the  aforementioned  dual  frequency  imaging  procedure. 


The  results  show  that  the  superharmonic  images  obtained  by  our 
dual-frequency  transducer  clearly  visualize  the  cross-section  of 
tubes  filled  with  microbubbles  (Fig.  10).  In  both  images,  a  faint  hor¬ 
izontal  line  is  visible  at  approximately  6  mm  in  depth  and  it  was 
generated  by  the  electrical  excitation  from  the  function  generator. 
The  1 -cycle  excitation  waveform  produced  an  averaged  SNR  and 
CTR  of  16  dB  (Fig.  10(a)),  whereas  the  2-cycle  excitation  waveform 
produced  an  average  SNR  and  CTR  of  19  dB  and  5  dB,  respectively 
(Fig.  10(b)).  The  3  dB  higher  SNR  produced  by  the  2-cycle  excita¬ 
tion  compared  to  the  1 -cycle  excitation  is  attributed  to  a  67% 
stronger  microbubble  harmonic  response,  which  is  caused  by  the 
increased  Ml  (from  1.39  to  1.63).  On  the  other  hand,  the  11  dB 
decrease  in  CTR  with  the  2-cycle  excitation  is  due  to  the  higher  fre¬ 
quency  harmonic  response  (10-15  MHz)  from  the  tissue-phantom 
boundary.  This  tissue-response  generates  a  distinguishable  line  at 
a  distance  of  8  mm  in  Fig.  10(b).  The  -6dB  axial  resolution  for 
the  1 -cycle  and  2-cycle  excitations  were  measured  to  be  615  pm 
(5.52  of  14  MHz  waves)  and  1.1  mm  (10.22  of  14  MHz  waves), 
respectively.  As  predicted  based  on  the  enveloped  amplitude 
results  (Fig.  9),  the  extended  pulse  length  of  microbubbles  due  to 
the  increased  pulse  length  of  the  2-cycle  excitation,  reduces  the 
quality  of  microcellulose  tube  images. 

4.  Conclusion 

In  this  work,  we  developed  a  stacked-type,  small-size  aperture 
(7.0  X  3.8  mm^),  dual-frequency  (2/14  MHz)  transducer  for  feasi¬ 
bility  demonstration  of  intracavitary  acoustic  angiography.  The 
acoustic  characterization  results  indicate  that  our  design  concept 
and  technique  can  achieve  an  acceptable  -6  dB  fractional  band¬ 
width  (57%  for  the  transmitter  and  42%  for  the  receiver)  and  a  suf¬ 
ficient  Ml  (>1.0)  for  superharmonic  microbubble  imaging.  We 
demonstrated  that  these  imaging  conditions  are  capable  of  induc¬ 
ing  a  nonlinear  higher  harmonic  response  of  microbubble  contrast 
agents  with  a  penetration  depth  in  a  tissue-phantom  of  about 
5  mm  (total  distance  of  13  mm),  and  detecting  higher-order  har¬ 
monics  (5th  through  7th)  from  microbubbles  with  the  suppression 
of  linear  tissue  signal. 

Multiple  A-line  images  confirmed  that  a  single-cycle  excitation 
input  is  more  advantageous  for  high-resolution  and  high-CTR 
acoustic  angiography  imaging  when  compared  to  a 
multiple-cycle  excitation  input.  Although  the  2-cycle  excitation 
waveform  resulted  in  a  higher  SNR  (19  dB)  compared  to  the 
single-cycle  excitation  (16  dB),  the  -11  dB  decrease  in  CTR  and 
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Fig.  10.  Superharmonic  B-mode  images  of  microtubes  in  a  tissue-mimicking  phantom  using  the  prototype  dual-frequency  transducer  by  applying  sinusoidal  excitation  at 
2  MHz  and  receiving  harmonic  responses  in  the  frequency  range  of  10-15  MHz;  (a)  1 -cycle  excitation,  (b)  2-cycle  excitation. 
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90%  larger  -6  dB  resolution  are  not  practical  for  intracavitary 
acoustic  angiography.  The  comparison  of  the  acquired  acoustic 
angiography  images  using  two  different  excitations  concluded  that 
it  is  desirable  to  use  the  minimum  number  of  cycles  to  maintain 
resolution  while  achieving  a  sufficient  Ml  for  increasing  the  ampli¬ 
tude  of  the  higher-harmonic  microbubble  response. 

This  feasibility  study  on  intracavitary  acoustic  angiography  of  a 
single-element  dual-frequency  design,  including  phantom  evalua¬ 
tion  and  detailed  characterization  techniques  for  key  acoustic 
parameters,  will  be  a  useful  guideline  for  further  developing 
dual-frequency  ultrasound  imaging  for  specific  clinical  applica¬ 
tions.  This  work  will  be  adopted  and  expanded  into  the  develop¬ 
ment  of  future  dual-frequency  array  transducers  for  intracavitary 
acoustic  angiography  applications. 
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Abstract —  Recently,  it  has  been  demonstrated  that  through 
the  use  of  contrast  agents  and  multi-frequency  transducer 
technology,  high  resolution  and  high  signal  to  noise  ultrasound 
images  can  be  obtained  which  illustrate  microvascular  structure 
in  unprecedented  detail  for  an  ultrasound  modality.  The 
enabling  technology  is  ultrasound  transducers  which  are 
fabricated  with  elements  which  can  excite  microbubble  contrast 
agents  near  resonance  and  detect  their  broadband  harmonics  at 
a  much  higher  bandwidth  (several  times  the  fundamental 
frequency).  The  resulting  images  contain  very  little 
background  from  tissue  scattering  and  thus  provide  high 
contrast,  and  can  have  a  resolution  on  the  order  of  130  microns 
with  an  appropriate  high  frequency  receiving  element. 
Because  microbubbles  are  strictly  an  intravascular  agent,  this 
approach  enables  visualization  of  microvascular  morphology 
with  unique  clarity,  providing  insight  into  angiogenesis 
associated  with  tumor  development. 

1.  Introduction 

Ultrasound  imaging  is  already  widely  used  in  clinical  and 
preclinical  imaging,  with  several  advantages  over  competing 
modalities  such  as  low  cost,  safety,  convenience,  high  frame 
rate,  and  soft  tissue  contrast.  Microbubbles  provide 
additional  utility  as  contrast  agents  in  ultrasound  imaging  by 
increasing  backscatter  from  blood  flow,  which  would  be 
otherwise  difficult  to  image  in  small  vessels  due  to  low 
signal  to  noise.  To  date,  contrast  enhanced  ultrasound  has 
shown  unique  utility  in  enhancing  blood-tissue  border 
definition,  such  as  myocardial  border  delineation;  perfusion 
imaging,  where  microbubble  flow  into  an  organ  can  provide 
quantifiable  information  about  local  blood  flow;  and 
molecular  imaging,  where  targeted  contrast  agents  can 
elucidate  the  presents  of  molecular  markers  expressed  on  the 
endothelium.  However,  until  recently,  contrast  enhanced 
ultrasound  could  not  clearly  define  microvessel  structure 
without  using  “persistence”  imaging  approaches,  which  track 
contrast  presence  over  a  long  (many  seconds)  time  period.  [1] 
This  is  largely  due  to  the  fact  that  contrast  imaging  has  been 
primarily  used  at  low  frequencies,  which  have  resulted  in  low 
resolution,  and  the  fact  that  current  contrast  imaging 
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techniques  can  still  suffer  from  tissue  nonlinearities 
contaminating  the  contrast  signal.  Although  persistence 
imaging  can  provide  some  useful  images  depicting  vascular 
morphology,  the  presence  of  any  tissue  motion  quickly 
degrades  the  image  even  in  2-D,  and  thus  persistence  images 
are  very  challenging  to  acquire  in  3-D,  which  is  what  is 
ultimately  required  for  mapping  microvascular  structure. 

In  this  paper,  we  describe  an  approach  for  using  contrast 
ultrasound  to  image  the  micro  vasculature  in  3-D  with  high 
resolution  and  contrast.  This  approach,  which  we  refer  to  as 
“acoustic  angiography”  because  of  its  similarity  in 
appearance  to  x-ray  angiography,  is  enabled  through  the  use 
of  ultrasound  transducers  fabricated  with  multiple  elements 
to  achieve  a  very  broad  bandwidth  across  transmit  and 
receive,  enabling  detection  of  broadband  superharmonic 
content  from  cavitating  microbubbles.  [2] 

II.  Methods 
A.  Transducer  Design 

The  enabling  technology  for  acoustic  angiography  is  the 
dual-frequency  transducer,  which  provides  a  low  frequency 
bandwidth  for  transmitting  and  a  high  frequency  bandwidth 
for  receiving.  The  principle  behind  the  imaging  is  that 
excited  microbubbles  produce  very  broad  harmonic  content 
as  they  oscillate  aggressively  in  an  acoustic  field.  Driving 
these  microbubbles  can  be  performed  effectively  with 
transmission  frequencies  which  induce  maximal  oscillation, 
which  are  typically  low  frequencies  (a  few  MHz).  Kruse  et 
al.  demonstrated  even  with  2  MHz  excitation,  the  resulting 
high  frequency  energy  can  be  as  high  as  45  MHz.  [3]  To 
date,  no  commercial  imaging  transducers  have  been  able  to 
transmit  and  receive  with  such  a  broad  bandwidth,  so  our 
team  has  fabricated  transducers  for  this  purpose.  [4]  Our 
prototypes  consist  of  a  modified  Visualsonics  RMV  probe 
with  a  30  MHz  center  frequency  element.  Confocally 
aligned  with  this  element  is  a  low  frequency  (4  MHz) 
annulus  used  as  a  transmitter.  The  high  frequency  element 
can  be  used  for  standard  pulse-echo  b-mode  imaging  to 
obtain  anatomical  information,  or  can  be  used  as  a  receiver 
only  to  obtain  contrast  only  information.  The  transmitter  is 
driven  by  an  RF  amplifier  and  pulse  generator  synchronized 
with  the  Visualsonics  Vevo  770  commercial  ultrasound 
system.  A  7^^  order  10  MHz  butterworth  high-pass  filter  on 
the  receive  line  filters  out  any  received  tissue  echoes. 
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A)  Traditional  b-mode  image 


B)  Acoustic  angiography  image 


Figure  1 .  A)  30  MHz  b-mode  imaging  of  a  subeutaneous  FSA  tumor 
in  a  rat  in  2D  and  3D.  B)  aeoustie  angiography  of  the  same  sample 
volume,  illustrating  mierovaseulature  within  the  tissue  and  tumor 
region. 


B.  In  Vivo  Imaging 

All  imaging  studies  were  approved  by  the  lACUC  at  the 
University  of  North  Carolina  at  Chapel  Hill.  In-vivo 
imaging  was  performed  on  healthy  mice  or  rats  bearing 
subcutaneous  fibrosarcoma  (FSA)  tumors,  as  described 
previously.  [5]  Lipid-shelled  perfluorocarbon-filled 
microbubble  contrast  agents,  as  previously  described,  [6] 
were  administered  via  continuous  infusion.  A  mechanical 
stage  translated  the  custom  transducer  probe  in  the 
elevational  direction  to  enable  3-D  volume  reconstruction 
during  imaging. 

III.  Results 

A.  Transducer  Performance 

The  custom  transmit  4  MHz/receive  30  MHz  RMV  probe 
demonstrated  a  -6dB  focal  beamwidth  for  the  receiver  of 
approximately  130  microns,  suggesting  a  resolution  on  this 
order.  Most  imaging  was  performed  at  a  mechanical  index 
of  approximately  0.6  (1.2  MPa  at  4  MHz)  which  is  less  than 
the  recommended  energy  for  Defmity  imaging  in  patients,  [7] 
but  likely  sufficient  for  contrast  agent  destruction,  although 
our  additional  data  (not  shown  here)  suggests  that  some 
bubbles  can  survive  multiple  pulses  before  complete 


Figure  2.  Acoustic  angiography  of  mouse  abdomen  showing  vascular 
structure. 

destruction  at  this  frequency  and  pressure  combination.  We 
utilized  low  frame  rate  imaging  (several  Hertz),  which 
enabled  sufficient  contrast  wash  in  into  the  area  of  interest 
for  imaging  with  the  parameters  utilized. 


The  dual-frequency  probe  could  be  utilized  in  two 
separate  imaging  modes,  standard  pulse-echo  imaging  at  30 
MHz,  which  would  provide  anatomical  information  (Figure 
1  A),  or  transmit  4  MHz/receive  30  MHz  mode,  which  would 
provide  contrast  information  (Figure  IB).  Contrast  imaging 
illustrated  micro  vasculature  with  high  resolution  and  high 
signal  (acoustic  angiography)  to  noise  due  to  the  detection  of 
flowing  contrast  limited  to  within  the  vascular  space,  and 
low  background  from  tissue  due  to  the  substantial  bandwidth 
separation.  Both  images  could  be  readily  registered  to 
provide  simultaneous  tissue  and  microvascular  information 
(not  shown).  Acoustic  angiography  of  the  mouse  abdomen 
provided  clear  delineation  of  major  and  minor  vasculature 
(Figure  2). 

B.  Angiogenesis  Imaging 

When  applied  to  subcutaneous  tumors,  angiogenesis  was 
readily  visualized.  Figures  3(A-B)  show  acoustic 
angiography  of  subcutaneous  tumors  in  a  rat.  The 
angiogenic  growth  of  feeder  vessels  from  left  to  right  into  the 


Figure  3.  A)  and  B)  exampes  of  acoustic  angiography  (maximum 
intensity  projections  from  3-D  datasets)  of  angiogenic 
mierovaseulature  present  in  subcutaneous  FSA  tumors  in  rats. 
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tumor  tissue  is  readily  visualized.  Each  image  frame  is 
approximately  15  mm  square. 

C.  Derived  Features  of  Microvascular  Morphology 

One  of  the  exciting  possibilities  with  acoustic 
angiography  is  the  ability  to  quantify  microvascular 
characteristics  due  to  the  high  resolution  and  high  contrast  in 
the  3-D  images.  We  have  previously  shown  that  these 
images  can  be  segmented  and  analyzed.  Features  such  as 
vessel  size  and  vascular  density  can  be  measured,  [8]  as  well 
as  measures  of  microvascular  tortuosity.  [5]  It  is  well 
believed  that  tortuosity  is  a  characteristic  abundantly  present 
in  angiogenic  vessels  and  less  present  in  healthy  vessels. 
Our  prior  studies  have  demonstrated  that  through  acoustic 
angiography  analysis  of  rodents,  we  could  distinguish 
healthy  tissue  from  tumor-bearing  tissue  based  on 
microvessel  morphology  alone  using  measurements  of 
microvascular  tortuosity.  Similar  techniques  have  been 
applied  to  magnetic  resonance  angiography  data, [9- 13] 
although  it  has  not  been  until  the  development  of  acoustic 
angiography  that  microvascular  morphology  analysis  has 
been  feasible  on  ultrasound  data. 

IV.  Conclusion 

The  development  of  dual-frequency  transducers  to  take 
advantage  of  the  high-frequency  broadband  energy  from 
contrast  agent  microbubbles  has  enabled  a  new  contrast 
imaging  approach  which  produces  ultrasound  images  with 
unprecedented  resolution  and  contrast.  Although  this 
technique  has  some  notable  limitations,  such  as  limited  depth 
of  penetration  due  to  the  high  frequency  received  energy, 
and  the  likely  need  for  bubble  destruction  to  obtain  the  best 
signal,  acoustic  angiography  will  likely  provide  utility  as  a 
tool  in  serial  imaging  of  angiogenesis  and  microvessel 
morphology.  For  this  technique  to  become  more  widely 
useful,  multi-frequency  array  transducers  will  need  to  be 
fabricated  and  integrated  with  commercial  hardware.  One 
alternate  application  also  in  development  is  micro-scale  dual¬ 
frequency  transducers  for  intravascular  contrast  ultrasound 
imaging,  which  may  play  a  future  role  in  vasa  vasorum 
imaging.  [14] 
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Abstract:  For  many  years,  ultrasound  has  provided  clinicians  with  an  affordable  and 
effective  imaging  tool  for  applications  ranging  from  cardiology  to  obstetrics.  Development 
of  microbubble  contrast  agents  over  the  past  several  decades  has  enabled  ultrasound  to 
distinguish  between  blood  flow  and  surrounding  tissue.  Current  clinical  practices  using 
microbubble  contrast  agents  rely  heavily  on  user  training  to  evaluate  degree  of  localized 
perfusion.  Advances  in  separating  the  signals  produced  from  contrast  agents  versus 
surrounding  tissue  backscatter  provide  unique  opportunities  for  specialized  sensors  designed 
to  image  microbubbles  with  higher  signal  to  noise  and  resolution  than  previously  possible. 
In  this  review  article,  we  describe  the  background  principles  and  recent  developments  of 
ultrasound  transducer  technology  for  receiving  signals  produced  by  contrast  agents  while 
rejecting  signals  arising  from  soft  tissue.  This  approach  relies  on  transmitting  at  a 
low-frequency  and  receiving  microbubble  harmonic  signals  at  frequencies  many  times 
higher  than  the  transmitted  frequency.  Design  and  fabrication  of  dual-frequency  transducers 
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and  the  extension  of  recent  developments  in  transducer  technology  for  dual-frequency 
harmonic  imaging  are  discussed. 

Keywords:  acoustics;  acoustic  angiography;  dual-frequency;  superharmonic;  harmonic; 
broadband;  microbubbles 


1.  Introduction 

Fundamentally,  ultrasound  images  are  visual  representations  of  the  interaction  between  sound  waves 
and  the  medium  of  wave  propagation.  In  ultrasound  imaging,  an  acoustic  pulse  is  transmitted  into  the 
field  using  a  transducer  capable  of  producing  a  temporally  short  mechanical  wave  (1^  cycles) 
in  response  to  a  voltage  applied  to  the  transducer.  As  the  incident  wave  travels  into  tissue,  some  of  the 
wave’s  energy  is  reflected  back  toward  the  transducer  by  scatterers  in  the  tissue  having  different  acoustic 
properties  (z.e.,  density  and  speed  of  sound)  than  the  background  medium.  These  backscattered  acoustic 
waves  are  received  by  the  same  transducer,  which  converts  mechanical  waves  into  time-varying 
voltages.  These  signals  are  then  amplified,  digitized,  and  processed  into  an  image  by  the  ultrasound 
imaging  system.  In  the  most  common  mode  of  operation,  called  “brightness-mode”  or  “B-mode” 
ultrasound,  grayscale  images  are  formed  in  which  pixel  values  are  proportional  to  the  brightness  of 
scattered  acoustic  waves.  In  other  system  modes,  B-mode  images  are  overlaid  with  colorized  maps  of 
blood  velocity  (color  Doppler)  or  integrated  energy  from  moving  scatterers  (power  Doppler).  However, 
at  frequencies  typically  used  in  transthoracic  and  transabdominal  ultrasound  imaging,  blood  is  a  poor 
ultrasound  scatterer  which  produces  echoes  approximately  a  factor  of 300  times  weaker  than  surrounding 
soft  tissues  [1],  making  the  detection  of  blood  flow  in  small  vessels  challenging.  For  this  reason, 
microbubbles  are  used  as  injectable  contrast  agents,  which  serve  as  strong  scattering  sources  and  thereby 
improve  imaging  of  blood  flow  [2].  While  contrast  ultrasound  is  used  primarily  in  cardiology  in  the 
United  States,  it  is  used  more  widely  in  Europe  and  Asia,  and  there  are  substantial  ongoing  research 
efforts  aimed  at  evaluating  microbubbles  as  a  platform  for  additional  diagnostic  and  therapeutic 
applications  [3,4].  This  review  will  primarily  focus  on  development  of  dual-frequency  piezoelectric 
transducers  for  imaging  nonlinear  harmonics  produced  by  microbubbles  under  ultrasound  excitation. 

1.1.  Theory  of  Operation 

Microbubble  contrast  agents  are  micron-sized  shelled  gas  bubbles  that  are  injected  into  the  vascular 
space  in  order  to  visualize  blood  flow.  When  excited  by  an  external  acoustic  field,  microbubbles  oscillate 
non-linearly,  producing  waves  with  harmonic  content  in  addition  to  the  fundamental  frequency.  The 
degree  of  harmonic  content  produced  by  a  single  interaction  between  a  microbubble  and  an  acoustic 
wave  increases  as  the  amplitude  of  the  acoustic  wave  increases,  and  also  increases  at  frequencies  near 
the  resonance  frequency  of  the  microbubble  [5-8].  Microbubble  resonance  frequency  depends  primarily 
on  bubble  diameter,  though  many  other  physical  factors  also  play  a  role  in  determining  resonance  [9,10]. 
While  microbubbles  are  strong  scatterers  that  are  visible  on  standard  B-mode  imaging  at  the  fundamental 
imaging  frequency,  the  energy  arising  from  microbubbles  cannot  be  separated  from  that  arising  from  the 
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surrounding  tissue.  However,  by  isolating  the  harmonie  signals  resulting  from  mierobubble  nonlinear 
behavior  it  is  possible  to  image  microbubbles  alone  with  high  specificity. 

An  effective  approach  for  minimizing  tissue  echoes  in  microbubble-specific  imaging  is  to  use  higher 
order  harmonics.  An  acoustic  wave  traveling  through  tissue  generates  harmonics  due  to  nonlinear 
propagation  effects,  however,  most  of  the  energy  received  at  the  transducer  remains  confined  to  the 
transmitted  frequency  (fo)  and  the  second  harmonic  {2fo)  [11,12].  Alternatively,  mierobubble  echoes 
contain  higher  order  harmonics,  or  “superharmonics,”  at  frequencies  three  to  10  times  the  transmitted 
frequency  [13-16].  In  this  review  paper,  we  describe  transducer  technology  designed  to  transmit  at  low 
frequencies  near  mierobubble  resonance  and  receive  only  mierobubble  harmonics  at  much  higher 
frequencies,  thus  spectrally  separating  microbubble-scattered  waves  from  tissue-scattered  waves. 

1.2.  Summary  of  Commercial  Contrast  Detection  Methods 

Currently,  most  commercial  ultrasound  systems  form  images  of  microbubbles  using  frequency 
content  within  the  bandwidth  of  a  single  transducer,  which  is  used  for  both  transmitting  and  receiving. 
These  systems  typically  reduce  tissue  echoes  by  transmitting  multiple  versions  of  similar  pulses  having 
varying  phases  and/or  amplitudes,  then  summing  received  signals  from  these  pulses.  Using  this  process, 
linear  signals  originating  from  tissue  cancel  while  nonlinear  mierobubble  signals  sum  constructively.  In 
the  simplest  of  these  techniques,  pulse  inversion,  a  pair  of  pulses  are  transmitted  which  are  inverted 
replicas  of  one  another  {i.e.,  180°  out  of  phase)  [17].  Linear  scatterers  produce  two  sets  of  similarly 
inverted  signals,  thus  when  the  received  signals  from  each  of  the  two  pulses  are  added  together,  the  net 
sum  due  to  linear  scattering  is  zero,  assuming  no  motion  has  occurred.  Because  shelled  microbubbles 
vibrate  nonlinearly,  waves  scattered  from  the  contrast  agents  contain  nonlinear  components,  which  do 
not  sum  to  zero,  producing  an  image  of  microbubbles  alone.  Various  multi-pulse  schemes  exist  in  which 
the  phases  and  amplitudes  of  transmitted  pulses  are  altered  in  order  to  improve  separation  of  mierobubble 
and  tissue  signals  or  to  isolate  a  specific  range  of  harmonics  [18-21].  These  algorithms  are  found  on 
commercial  ultrasound  scanners  under  names  such  as  Cadence  Contrast  Pulse  Sequencing  (CPS) 
(Siemens)  or  Power  Pulse  Inversion  (Philips)  [22].  The  ratio  of  mierobubble  to  tissue  amplitude  in  an 
image  is  known  as  contrast  to  tissue  ratio  (CTR)  and  is  often  expressed  in  dB  as  a  quantitative  metric  of 
the  effectiveness  of  a  contrast  imaging  technique.  Multi-pulse  approaches  achieve  high  CTR  at  the  cost 
of  reduced  frame  rate  and  increased  susceptibility  to  motion  artifacts.  Alternatively,  dual-frequency 
transducers  alleviate  these  problems  because  their  large  effective  bandwidths  allow  high  CTR  imaging 
using  a  single  pulse. 

1.3.  Design  and  Fabrication  of  Piezoelectric  Transducers  in  Diagnostic  Ultrasound 
1.3.1.  Piezoceramic  Dimensions 

While  design  theory  of  piezoelectric  transducers  is  well-covered  elsewhere  [23,24],  basic  principles 
will  be  reviewed  briefly  to  elucidate  challenges  relating  to  dual-frequency  transducer  fabrication. 
Transducers  used  in  medical  ultrasound  consist  of  a  thickness  mode  resonator.  Wave  propagation 
velocity  in  lead  zirconate  titanate  (PZT)  is  approximately  4350  m/s  [25],  resulting  in  a  nominal  thickness 
(kH)  of  435  pm  at  5  MHz,  for  example,  though  other  factors  also  affect  transducer  resonance  [26].  In 
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array  transducers,  grating  lobes  are  avoided  by  maintaining  inter-element  separation  less  than  or  equal 
to  yi.  Element  width-to-thickness  ratio  must  also  be  considered,  as  element  aspect  ratios  determine  the 
acoustic  resonance  modes  [27,28],  Fabrication  challenges  tend  to  intensify  as  feature  sizes  decrease  in 
all  dimensions  with  increasing  frequency.  Tradeoffs  between  desired  resonance  frequency  and  element 
dimensions  represent  a  primary  challenge  in  array  design. 

1.3.2.  Element  Boundary  Condition  Considerations 

Matching  and  backing  layers  designed  with  desired  acoustic  properties  are  attached  in  series  to  the 
front  and  back  faces  of  the  piezoelectric  material,  respectively.  By  reducing  the  mismatch  in  acoustic 
impedance  between  the  piezoelectric  material  (Zpzt  ==  34  MRayl)  and  tissue  (Zwater  =  1.5  MRayl), 
matching  layers  increase  acoustic  transmission  into  and  from  the  tissue  and  act  as  quarter  wave 
transformers.  Backing  layers  improve  bandwidth  by  damping  acoustic  vibrations  at  the  rear  boundary  of 
the  piezoelectric  material.  The  loading  provided  by  matching  and  backing  layers  also  modulates  the 
resonant  frequency  of  the  transducer  [26].  The  primary  challenge  in  design  of  matching  and  backing 
layers  is  the  tradeoff  between  high  sensitivity  and  broad  bandwidth. 

1.3.3.  Fabrication,  Dicing,  and  Composites 

For  piezoelectric  transducers  operating  in  thickness  mode,  a  “dice-and-fill”  approach  is  commonly 
used  in  array  fabrication.  A  wafer-dicing  saw  cuts  and  isolates  sensing  elements,  and  kerfs  resulting  from 
saw  cuts  are  then  backfilled  to  minimize  acoustic  crosstalk.  A  dice-and-fill  approach  is  also  used  to 
create  low-frequency  composite  materials  [29-31]  from  plates  of  either  piezoelectric  ceramics  [32] 
or  electrostrictive  PMN-PT  single  crystals  [33]  by  dicing  the  material  and  filling  the  gaps  with  a 
polymer  [34],  then  further  dicing  into  individual  elements  for  fabrication  of  an  array.  Composite 
materials  can  produce  better  harmonic  images  than  conventional  materials  because  they  yield 
transducers  with  broader  bandwidths  (>75%)  and  improved  acoustic  matching  [35].  Fabrication 
challenges  associated  with  physical  dicing  limit  acoustic  impedance  matching  in  composites. 

For  harmonic  imaging,  it  may  be  possible  to  design  a  transducer  so  that  both  transmission  and 
receiving  frequencies  are  within  the  bandwidth  of  a  single  composite  transducer.  These  composites  can 
be  made  with  1-3  connectivity,  mechanically  decoupling  the  thickness-mode  vibration  resonance  from 
other  undesirable  resonances  (lateral  or  elevational  modes)  [27],  Lateral  modes  are  A/2  resonances 
determined  by  the  dimension  of  the  transducer  in  the  lateral  direction,  or  the  dimension  of  image 
formation.  Designing  with  respect  to  lateral  modes  takes  on  added  importance  in  environments  such  as 
intravascular  ultrasound  (IVUS)  in  which  strict  limitations  on  device  size  imposed  by  lumen  diameter 
can  create  severe  aspect  ratios  (width-to-thickness)  that  are  normally  avoided  to  preserve  forward 
looking  directional  sensitivity.  As  an  alternative  to  dice-and-fill  methods  at  higher  frequencies, 
Jiang  et  al,  have  demonstrated  fabrication  of  a  40  MHz,  1-3  composite  transducer  using  a  plasma 
etching-based  micromachining  technique  [36].  A  60  MHz  IVUS  transducer  using  1-3  composite  has 
been  fabricated  and  tested  on  a  porcine  animal  model  [35].  These  high-frequency  broadband  transducer 
materials  are  promising  for  imaging  microbubble  harmonics.  The  development  of  high-frequency  arrays 
was  greatly  facilitated  by  the  introduction  of  laser  micro-machining  by  Foster  et  al,  a  process  which  has 
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become  a  standard  for  commercially-available  high-frequency  imaging  systems  [37].  Providing 
individual  electrical  interconnects  also  poses  a  significant  fabrication  challenge  in  high-frequency  arrays. 

While  developments  in  materials  and  fabrication  have  led  to  diagnostic  transducers  having  increased 
sensitivity  and  bandwidth,  the  use  of  two  independent  frequency  bands  having  large  separation  (at  least 
3x  to  5x)  can  maximize  sensitivity  while  requiring  lower  transmit  pressures  for  contrast-specific 
imaging  applications.  In  the  following  sections,  we  describe  recent  developments  in  dual-frequency 
transducer  technology. 

2.  Dual-Frequency  Transducers 

The  goal  of  dual-frequency  contrast  imaging  is  to  form  images  of  only  microbubble  harmonics  by 
transmitting  acoustic  waves  at  lower  frequencies  near  microbubble  resonance  (approximately  1-6  MHz) 
and  receiving  only  higher  order  harmonic  vibrations  produced  by  microbubbles  (approximately 
10-30  MHz).  Researchers  have  recently  demonstrated  electrostatic  transducers  that  are  capable  of 
encompassing  both  frequency  ranges  within  a  single,  extremely  broad  bandwidth  [38,39].  Details  of  the 
operation  and  fabrication  of  these  transducers,  commonly  referred  to  as  capacitive  micromachined 
ultrasound  transducers  (CMUTs),  are  discussed  elsewhere  [40-42].  CMUTs  exhibit  inherent  nonlinear 
behavior,  which  limits  their  ability  to  accurately  distinguish  nonlinear  microbubble  response,  though 
ongoing  investigations  attempt  to  account  for  these  nonlinearities  so  they  may  be  used  for  contrast 
detection  reliably  [43].  Although  CMUTs  may  eventually  demonstrate  superior  performance  to 
piezoceramics  for  contrast  imaging,  they  have  not  yet  been  demonstrated  for  this  use  in  vivo.  While 
researchers  continue  to  investigate  ultra-wideband  electrostatic  transducers  as  well  as  approaches  for 
increasing  the  bandwidth  of  piezoelectric  transducers  [35,36,44,45],  this  review  will  primarily  focus  on 
devices  that  use  separate  transducers  for  transmission  and  reception  and  thus  allow  for  independent 
design  of  the  two  transducers  to  achieve  desired  characteristics. 

2.1.  Imaging  Microbubble  Contrast  Agents 

Bouakaz  et  al.  first  reported  imaging  of  third  and  fourth  harmonics  of  microbubbles  in  2002 
in  experiments  which  used  a  96-element  array  with  interleaved  0.9  MHz  transmission  elements 
(50%  bandwidth)  and  2.8  MHz  receiving  elements  (80%  bandwidth)  [46-48].  Using  this  probe  with  a 
commercial  imaging  system,  the  authors  demonstrated  the  ability  to  image  microbubbles  while  rejecting 
tissue  signals  in  vivo  [47]  (Figure  1).  While  interleaving  low  and  high-frequency  elements  yields 
dual-frequency  transducer  arrays  with  smaller  form  factors  relative  to  arrays  stacked  in  the  elevation 
direction,  grating  lobes  were  introduced  due  to  an  increase  in  inter-element  separation,  and 
signal-to-noise  ratio  (SNR)  was  diminished  due  to  reduction  in  receiving  area  and  in  the  number  of 
received  signals  contributing  to  the  beamformed  signal. 

In  2005,  Kruse  and  Ferrara  demonstrated  the  use  of  two  piston  transducers  with  a  wide  bandwidth 
separation  for  imaging  microbubbles  using  a  transmission  frequency  of  2.25  MHz  (70%  bandwidth)  and 
a  receiving  frequency  of  15  MHz  (66%  bandwidth)  [49].  Wide  separation  between  the  two  frequencies 
ensured  high  CTR  due  to  the  low  amplitude  of  higher  order  tissue  harmonics,  while  a  high  receiving 
frequency  produced  high-resolution  images.  In  more  recent  studies,  Ferrara’s  group  has  designed 
transmit  low/receive  high  (TLRH)  arrays  with  two  outer  rows  of  64  elements  transmitting  at  1 .48  MHz, 
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and  a  central  row  of  128  elements  receiving  at  5.24  MHz  [50].  In  addition  to  harmonic  imaging  of 
microbubbles,  the  high-frequency  row  of  this  three-row  array  was  used  to  deliver  a  long  (100  eyele), 
low-amplitude  (200  kPa  peak  negative  pressure)  “pushing”  pulse  for  radiation-foree  enhaneed  adhesion 
of  targeted  microbubbles  for  moleeular  imaging  [51,52].  This  work  has  reeently  been  extended  to  3D 
moleeular  imaging  [53].  Subsequent  generations  of  this  array  featured  low-frequency  rows  capable  of 
delivering  either  broadband,  high  peak  pressure  waveforms  for  eavitation-mediated  therapy  or  narrower 
band,  high  time-average  power  waveforms  for  thermal  therapy  [54,55].  A  similar  three-row  array  with  a 
eentral  row  of  128  elements  operating  at  1  MHz  (90%  bandwidth)  and  elevationally-aligned  outer  rows  of 
128  elements  operating  at  10  MHz  (90%  bandwidth)  was  construeted  by  Vermon  (Tours,  France)  [56]. 

Figure  1.  Sehematie  of  the  first  design  incorporating  dual-frequency  transducers  for  the 
purpose  of  contrast  detection  (top).  Odd  numbered  elements  had  a  eenter  frequency  of 
2.8  MHz  with  a  fractional  bandwidth  of  80%  while  the  even  elements  had  a  center  frequency 
of  0.9  MHz  with  a  fractional  bandwidth  of  50%.  Odd  numbered  elements  were  used  for 
imaging  superharmonics  generated  by  nonlinear  vibrations  of  mierobubbles  excited  with  a 
low-frequency  pulse  provided  by  the  even  elements.  A  photograph  of  the  aetual  transdueer 
is  shown  after  the  elevational  lens  has  been  added  (bottom).  Figure  reprinted  with 
permission  from  [46]. 


F1  F2  F1  F2  FI  F2  FI  F2 


In  2010,  van  Neer  et  al.  compared  designs  for  interleaved  and  multi-row  arrays  [57,58].  Designs  with 
interleaved  elements  having  high  ratios  of  reeeive  to  transmit  elements  (i.e.,  at  least  three  reeeive 
elements  per  transmit  element)  were  capable  of  producing  beams  with  redueed  distortion  artifaets  and 
tighter  -6  dB  beam  widths  relative  to  two-  or  three-row  arrays.  By  greatly  inereasing  the  number  of 
reeeiving  elements,  grating  lobes  of  interleaved  designs  were  limited  to  -40  dB  and  high  SNR  was 
ensured.  However,  it  should  be  noted  that  arrays  with  interleaved  elements  of  different  frequencies 
eannot  be  manufactured  using  standard  diee-and-fill  approaehes  from  a  single  piezoeleetric  plate  without 
signifieant  alteration  to  manufaeturing  proeesses  (see  “Design  and  Fabrication”  section). 

In  spite  of  the  promise  shown  by  several  of  these  dual-frequeney  arrays,  transition  towards 
transducers  with  higher  receiving  frequencies  has  been  aceompanied  by  several  fabrication  challenges. 
Because  standard  array  production  techniques  faces  diffieulties  scaling  to  higher  frequeneies  [59], 
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high-frequency  transducers  can  utilize  mechanical  steering  of  a  single  focused  element  in  lieu  of 
an  array.  Many  of  these  focused  single-element  transducers  have  been  possible  due  to  the  use  of 
flexible  piezoelectric  composites  rather  than  inflexible  piezoelectric  ceramics  [60,61],  An  important 
advancement  for  high-frequency  arrays  has  been  the  development  of  composites  with  large  triangular 
pillars  to  suppress  lateral  modes  while  maintaining  high  sensitivity  [62,63]. 


Figure  2.  The  mechanically  steered  dual-frequency  transducer  is  composed  of  a  central 
high-frequency  (25  MHz)  spherically  focused  piston  transducer  inserted  into  an  annular, 
confocally  aligned  low-frequency  transducer  (4  MHz).  (A,  End-on  view)  Harmonic  imaging 
is  performed  by  mechanically  sweeping  the  arm  while  transmitting  on  the  outer  element  and 
receiving  on  the  inner  element.  (B,  Side  view) 


Using  this  technology,  Foster’s  group  working  with  Dayton  has  constructed  several 
mechanically-steered  transducers  consisting  of  concentric  low-  (2.5^  MHz)  and  high-frequency 
(25-30  MHz)  elements  [64,65].  These  probes  have  been  integrated  with  a  commercial  small  animal 
imaging  system  (VisualSonics,  Toronto,  ON,  Canada)  (Figure  2).  Imaging  with  these  dual-frequency 
transducers  has  provided  a  high-resolution  (~200  pm),  high  CTR  (~25  dB)  imaging  technique,  which 
the  authors  call  “acoustic  angiography”  due  to  the  resemblance  between  the  vascular  images 
acquired  and  those  in  x-ray,  or  magnetic  resonance  angiography  [66].  This  approach  has  demonstrated 
sensitivity  to  vessels  containing  contrast  agents  at  frequencies  higher  than  previously  published 
(as  high  as  10  times  the  transmission  frequency)  (Figure  3)  [67].  As  a  result,  acquired  images  can  be 
segmented  by  computational  algorithms  to  analyze  vessel  morphology  based  on  quantitative  metrics 
such  as  vessel  density  and  tortuosity  [67-69]. 

Several  similar  transducers  have  recently  been  reported.  A  mechanically-scanned  transducer  with  two 
concentric  elements  operating  at  4  MHz  and  14  MHz  was  demonstrated  by  Guiroy  et  al.  [70]. 
Li  et  al.  have  alternatively  demonstrated  a  micromachined  PMN-PT  1-3  composite  based  dual-frequency 
(17.5/35  MHz)  transducer  (Figure  4)  for  harmonic  imaging  [71].  In  this  design,  two  active  layers  were 
mechanically  bonded  in  series  and  poled  in  opposite  directions.  Composite  piezoelectrics  and 
electrostrictive  materials  such  as  PMN-PT  have  been  increasingly  utilized  over  traditional  ceramics  like 
PZT,  which  have  limitations  for  use  at  higher  frequencies  due  to  manufacturing  challenges  and  grain 
dimensions  which  become  increasingly  close  to  one  wavelength  as  frequency  increases  [72]. 
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Figure  3.  Acoustic  angiography  amplitude  spectrum  (top)  and  example  images  (bottom). 
Wideband  separation  between  tissue  response  and  microbubble  response  produees  images 
that  are  drastieally  different  from  conventional  B-mode  images  and  illustrate  blood  flow  in 
the  mierovasculature  with  high-resolution  and  high-contrast  to  tissue  ratio.  Aeoustie 
angiography  images  displayed  using  maximum  intensity  projections  of  volumetric  scan 
volumes.  Bounding  boxes  are  approximately  0.75  x  1.25  x  1.5  cm  (axial,  lateral,  and 
elevational).  Figure  adapted  from  [68]. 
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Figure  4.  Sehematie  view  of  a  dual-layer,  dual-frequeney  transducer  (left)  and  its  operation 
for  transmitting  and  reeeiving  (right).  When  transmitting,  both  aetive  layers  are  electrically 
connected  in  parallel  and  are  excited  by  the  same  signal,  effectively  behaving  as  a  single, 
active  element  at  fo.  When  reeeiving,  the  front  layer  records  the  majority  of  the  signal  with  a 
resonance  at  twice  the  transmission  frequency  (2/o)  because  the  thickness  of  the  active  layer 
has  effeetively  been  halved.  Figure  reprinted  with  permission  from  [71]. 
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In  recent  years,  researchers  have  developed  several  other  dual-frequeney  transdueers  with  high 
reeeiving  frequeneies  (>10  MHz)  for  specific  applications.  One  area  of  interest  has  been  intravascular 
ultrasound,  in  which  a  small  catheter-based  transdueer  is  introduced  into  the  body  to  perform  minimally 
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invasive  imaging  of  occlusive  plaques  within  the  coronary  arteries  [73].  In  particular,  the  presence  of 
vessels  known  as  vasa  vasorum  (70-180  pm  in  diameter  [74])  in  plaques  has  been  hypothesized  to  be 
linked  with  decreased  plaque  stability  and  increased  risk  of  future  complications  [75],  Because 
superharmonic  imaging  of  microbubbles  could  enable  direct  visualization  of  vasa  vasorum,  several 
researchers  have  pursued  dual- frequency  transducer  designs  for  this  application.  In  2005, 
Vos  et  al.  developed  single  element  transducers  for  second  harmonic  imaging  designed  with  dual 
resonance  peaks  at  20  and  40  MHz  and  a  1  mm  outer  diameter  [76,77].  This  group  has  also  used 
commercial  IVUS  catheters  to  demonstrate  the  benefits  of  pulse  inversion  detection  methods  for  this 
application  [78,79]. 

Recently,  Jiang’s  group  working  with  Dayton  reported  on  the  design  and  evaluation  of  dual-frequency 
IVUS  transducers  for  superharmonic  imaging  (6.5  MHz/30  MHz)  which  were  fabricated  using  stacked 
piezoelectric  plates  (Figure  5 A)  with  co-aligned  transmit  and  receive  beams  [80].  Transmitting  and 
receiving  elements  were  electrically  separated  by  a  frequency  selective  isolation  layer  (FSIL)  [81] 
between  the  two  active  elements.  This  transducer  had  an  aperture  size  of  0.6  mm  x  3  mm  and  could  be 
housed  inside  a  commercial  (Boston  Scientific,  Natick,  MA)  catheter  (Figure  5B).  Broadband  emission 
and  reception  were  performed  by  6.5  and  30  MHz  elements,  respectively  (Figure  5C).  Superharmonic 
IVUS  phantom  imaging  was  acquired  with  a  good  CTR  (12  dB)  and  high-resolution  (200  pm)  in  vitro 
(Figure  5D). 


Figure  5.  Dual-frequency  IVUS  transducer  designed  for  superharmonic  imaging.  (A)  Structure 
of  the  transducer  with  stacked  dual  layers  of  piezoelectric  plates;  (B)  The  fabricated  prototype 
mounted  in  an  8.5  F  commercial  catheter;  (C)  Use  of  two  elements  with  separate  bandwidths 
allows  coverage  of  the  transmitting  and  receiving  frequencies  needed  for  the  superharmonic 
imaging;  (D)  Contrast  enhanced  IVUS  imaging  with  microbubbles  in  phantom  with 
fully-developed  speckle.  Figure  reprinted  with  permission  from  [80],  front  cover. 
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2.2.  Other  Applications 

Researchers  have  developed  dual-frequency  ultrasound  arrays  for  applications  other  than  contrast 
agent  imaging,  which  have  provided  useful  insights  into  design  or  fabrication  strategies.  The  earliest 
reported  dual-frequency  transducer  was  that  of  von  Ramm  and  Smith  in  1978,  in  which  a  phased  array 
with  adjacent  rows  of  1.5  and  2.5  MHz  elements  was  designed  to  reduce  off-axis  contributions  to  the 
two-way  point  spread  function  by  misaligning  grating  lobes  from  transmitting  and  receiving  arrays  [82]. 
In  1988,  Bui  et  al.  showed  1-3  composites  can  be  designed  to  exhibit  multiple  frequency  sensitivities 
by  tailoring  the  dimensions  for  separate  resonance  modes  [83].  De  Fraguier  et  al.  reported  separate 
transducers  for  B-mode  (4.6  MHz)  and  color  Doppler  mode  (2.3  MHz)  in  order  to  improve  Doppler 
sensitivity  by  reducing  transmitted  frequency  and  increasing  pulse  length  [84].  Similarly,  Saitoh  et  al. 
presented  a  transducer  capable  of  operating  at  either  3.75  MHz  or  7.5  MHz  using  two  layers  of  PZT 
poled  in  opposite  directions  for  increasing  Doppler  sensitivity  [85]. 

In  2000,  Hossack  et  al.  reported  a  dual-frequency  transducer  to  improve  sensitivity  for  tissue 
harmonic  imaging  [86].  This  transducer — ^based  on  earlier  work  by  Hossack  and  Auld  for  increasing 
bandwidth  [87] — ^used  two  piezoelectric  layers  having  independent  electrical  contacts.  The  two  layers 
were  operated  either  in  phase  when  transmitting  at  fo,  or  1 80°  out  of  phase  when  receiving  at  2fo.  Several 
other  authors  developed  similar  transducers  having  two  resonances  at  the  fundamental  and  twice  the 
fundamental  [88,89].  Dual-frequency  transducer  design  in  tissue  harmonic  imaging  has  been  studied 
extensively  in  the  past  and  has  aided  in  the  development  of  recent  transducer  design  in  contrast 
specific  imaging.  For  example,  confocal  annular  elements  operating  at  large  frequency  separations 
(20  and  40  MHz)  produced  by  Kirk  Shung’s  group  were  used  in  tissue  harmonic  imaging  of  excised 
porcine  eyes  before  similar  form  factor  transducers  were  used  in  acoustic  angiography  [90]. 

In  addition,  many  other  authors  have  demonstrated  dual-frequency  arrays  for  combined 
imaging-therapy  applications.  Recent  devices  of  interest  for  imaging  have  included  a  three-row  array 
with  128  elements  per  row  for  use  in  prostate  cancer  imaging  and  treatment  [91],  a  small-form  factor 
32-element  system  for  guidance  of  high-intensity  focused  ultrasound  (HIFU)  [92],  and  a  three-row  array 
for  thermal  strain  imaging  performing  heating  at  1.5  MHz  and  imaging  at  5.5  MHz  [93]. 
Smith  et  al.  have  also  demonstrated  dual-frequency  combined  imaging  and  therapeutic  catheter-based 
devices  [94,95].  While  a  comprehensive  review  of  image  guidance  in  therapeutic  ultrasound  is 
beyond  the  scope  of  this  review,  the  interested  reader  is  referred  to  recent  reviews  on  image-guided 
therapy  [96],  HIFU  [97,98]  and  thermal  strain  imaging  [99]. 

Several  recent  design  developments  within  other  applications  are  of  particular  interest  for  imaging 
microbubble  harmonics.  Azuma  et  al.  have  described  the  design  and  fabrication  of  a  0. 5/2.0  MHz 
dual-frequency  array  for  sonothrombolysis  and  transcranial  ultrasound  imaging  [81].  This  paper 
presented  the  first  dual-frequency  array  to  use  a  unique  design  in  which  the  low-frequency  array  is 
positioned  directly  below  the  high-frequency  array  within  the  transducer  housing.  Low-  and 
high-frequency  arrays  were  isolated  by  the  aforementioned  FSIL,  an  important  design  achievement. 
Dual- frequency  transducers  could  also  provide  distinct  advantages  over  single-frequency  transducers  in 
acoustic  radiation  force  impulse  (ARFI)  imaging,  which  visualizes  mechanical  properties  of  tissue 
using  a  low-frequency  pushing  pulse  and  high-frequency  tracking  pulses  [100].  Finally,  Yen  et  al. 
have  described  several  dual-layer  2D  array  transducers  capable  of  performing  3D  rectilinear  imaging 
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at  5  and  7.5  MHz  at  a  reduced  cost  relative  to  conventional  2D  arrays  with  high  channel 
counts  [101,102],  Linear  and  2D  bilaminar  arrays  with  frequency-selective  layers  could  enable  imaging 
of  microbubble  harmonics  over  a  large  field  of  view  with  greater  image  uniformity  than  that  currently 
afforded  by  fixed-focus  transducers. 

3.  Conclusions 

Images  formed  from  harmonic  content  scattered  by  ultrasound  contrast  agents  have  demonstrated 
increased  image  quality  over  fundamental  mode  images  [103-107],  making  spectral  separation  of  tissue 
and  harmonic  signals  using  dual-frequency  transducers  an  attractive  approach.  Transducers  having  wide 
frequency  separation  between  the  transmission  and  reception  bandwidths  have  allowed  for  efficient 
excitation  of  microbubbles  near  resonance  and  reception  of  broadband,  transient  harmonics  without 
dependence  on  multi-pulse  strategies.  Single-pulse  harmonic  imaging  has  enabled  higher  frame  rates 
and  elimination  of  motion  artifacts  found  in  currently-available  contrast  imaging  approaches  requiring 
multiple  pulses.  Forming  images  from  higher  harmonics  has  also  enabled  high-resolution  imaging  with 
reduced  attenuation,  as  high-frequency  echoes  are  subject  to  attenuation  in  only  a  single  direction.  New 
technical  developments  have  demonstrated  the  potential  for  dual-layer,  dual-frequency  arrays  for  both 
2D  and  3D  imaging. 
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Abstract — ^Approximately  80%  of  men  who  reach  80-years  of 
age  will  have  some  form  of  prostate  cancer.  The  challenge 
remains  to  differentiate  indolent  from  aggressive  disease.  Based 
on  recent  research,  acoustic  angiography,  a  novel  contrast 
enhanced  ultrasound  imaging  technique,  can  provide  high- 
resolution  visualization  of  tissue  microvasculature  and  has 
demonstrated  the  ability  to  differentiate  vascular  characteristics 
between  healthy  and  tumor  tissue.  We  hypothesize  that 
transrectal  acoustic  angiography  may  enhance  assessment  of 
prostate  cancer.  In  this  paper,  we  describe  the  development  of  a 
dual  layer  co-linear  array  ultrasound  transducer  for  transrectal 
acoustic  angiography.  The  KLM  model  and  Field  II  were  used 
for  the  element  design  and  acoustic  field  simulation,  respectively. 
The  probe  consists  of  64  transmit  elements  with  a  center 
frequency  of  3  MHz  and  128  receive  elements  with  a  center 
frequency  of  15  MHz.  The  dimensions  of  the  array  are  18  mm  in 
azimuth  and  8  mm  in  elevation.  The  pitch  is  280  pm  for 
transmitting  (TX)  elements  and  140  pm  for  receiving  (RX) 
elements.  Pulse-echo  test  of  TX/RX  elements  were  conducted  and 
compared  with  the  simulation  results.  Real-time  contrast  imaging 
was  tested  using  a  Verasonics  system.  Non-linear  responses  from 
microbubble  contrast  agents  at  a  depth  of  18  mm  were  clearly 
observed.  The  axial  beam  width  (-6  dB)  and  CTR  were 
calculated  from  the  measured  signals  to  be  400  pm  and  20  dB, 
respectively.  These  results  suggest  that  the  prototype  co-linear 
array  is  capable  of  performing  dual-frequency  superharmonic 
imaging  of  microbubbles  for  prostate  cancer  assessment. 

Keywords — acoustic  angiography;  dual  frequency;  ultrasound 
contrast  agent;  transrectal  ultrasound;  prostate  cancer 

I.  Introduction 

Prostate  cancer  is  the  most  common  non-skin  cancer  and 
the  second  leading  cause  of  cancer-related  death  in  men  in  the 
United  States;  however,  it  still  lacks  a  definitive,  non-invasive 
diagnostic  test  [1].  Routine  diagnostic  tests,  such  as  prostate- 
specific  antigen  level  measurements  and  manual  digital  rectal 
examination  are  limited  by  poor  sensitivity  and  high-false 
positive  rates  [2].  Core  biopsies  are  painful,  increase  risk  of 
hemorrhage,  and  provide  little  confidence  that  clinically- 
relevant  regions  are  sampled.  Traditionally,  transrectal 
ultrasound  (TRUS)  has  played  a  substantial  role  in  the 
diagnosis  of  prostate  cancer  due  to  its  ability  to  provide  real¬ 
time  imaging  and  biopsy  guidance  [3].  While  TRUS  is 
commonly  used  for  biopsy  guidance,  B-mode  ultrasound 
exhibits  low  sensitivity  for  locating  cancerous  regions  for 
biopsy[4]. 
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Recent  research  has  indicated  that  contrast-enhanced 
ultrasound  (CEUS)  may  potentially  provide  more  accurate 
prostate  cancer  assessment  [4-6].  Compared  to  conventional 
ultrasound,  a  contrast-enhanced  approach  can  provide 
estimation  of  microvascular  perfusion.  Recently,  our  group 
has  investigated  an  alternative  approach  to  contrast-enhanced 
ultrasound  imaging  which  relies  on  the  superharmonic  echoes 
produced  by  microbubble  contrast  agents,  “acoustic 
angiography”  [7].  Studies  on  contrast-enhanced  dual-frequency 
ultrasound  imaging  indicate  that  microbubbles  can  be  excited 
in  the  2-4  MHz  range  and  the  superharmonic  echoes  from 
microbubbles  can  be  detected  at  frequencies  above  15  MHz, 
producing  images  having  high  contrast-to-tissue  ratio  (CTR) 
and  high-resolution  [8].  These  images  reveal  unique 
information  on  tumor  micro  vessel  structure  [7].  Because 
increased  microvessel  density  is  associated  with  progression  of 
tumor  growth  [9],  the  ability  to  image  the  micro  vasculature 
enhances  the  accuracy  during  the  biopsy  evaluation. 

The  primary  challenge  to  implementing  this  imaging 
technique  is  presented  by  transducer  design  and  fabrication.  In 
superharmonic  imaging,  separation  of  transmission  and 
receiving  bandwidths  is  required  to  ensure  high  contrast-to- 
tissue  ratio,  and  thus  the  conventional  transducer  arrays  with 
single  center  frequencies  are  not  suitable.  Compared  with  the 
mechanical  scanning  technique  used  with  previous  single¬ 
element  systems  for  superharmonic  imaging  [7],  dual¬ 
frequency  imaging  with  an  array  provides  increased  frame  rate, 
increased  depth  of  field,  more  precise  control  over  the  acoustic 
pressure  field,  and  also  provides  opportunities  for  different 
imaging  modalities  [10]. 

To  extend  our  previous  work  with  single-element,  dual¬ 
frequency  transducers  [5,  11,  12]  and  a  3MHz/18MHz  sub¬ 
aperture  array  [13],  a  3  MHz/ 15  MHz  ultrasound  array  was 
developed  for  transrectal  dual-frequency  acoustic  angiography 
imaging.  An  array  with  64  transmit  and  128  receive  elements 
was  designed,  fabricated  and  characterized.  Pulse-echo  tests 
were  conducted  for  both  low  and  high  frequency  elements.  The 
transmitting  array  was  also  evaluated  by  measuring  the 
acoustic  pressure  profile  of  a  single  element  with  a  hydrophone. 
The  array  transducer’s  ability  to  perform  superharmonic 
imaging  was  tested  by  exciting  microbubbles  flowing  through 
a  micro-cellulose  tube  using  the  3  MHz  transmitting  array  and 
detecting  the  super  harmonic  responses  from  microbubbles 
using  the  15  MHz  receiving  array.  Finally,  contrast  imaging 
was  performed  with  a  multi-channel  imaging  system  in  a 
tissue-mimicking  phantom. 
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II.  Materials  AND  METHODS 

A.  Transducer  Design  and  Fabrication 

In  transducer  array  design,  the  number  of  active  elements 
is  limited  by  the  imaging  system  electronics,  thus  the  element 
pitch  and  total  aperture  size  were  designed  comprehensively. 
The  prostate  is  located  within  1  cm  of  the  rectum,  and  is 
approximately  ~30  mm  in  longitudinal  dimension  and  ~25 
mm  in  transverse  dimension  [14].  In  order  to  meet  these 
considerations,  KLM  model  simulations  were  used  to 
determine  the  geometry  of  the  low  and  high  frequency  arrays. 
Field  II  was  used  to  assess  a  series  of  designs  with  varying 
parameters,  and  a  design  with  19  low  frequency  elements  in 
each  transmit  event  (active  sub-aperture  of  5  mm  in  the 
azimuth  direction)  was  ultimately  adopted  [15,  16].  The 
details  of  this  configuration  are  summarized  in  Table  1. 


Table  1  Design  parameters  of  the  co-linear  array 


Property 

Value 

Aperture 

8  mm  by  1 8  mm 

Working  mode 

Transmitting 
(3  MHz) 

Receiving 
(15  MHz) 

Pitch 

280  pm  (0.5  X) 

140  pm  (1.33  X) 

Element  number 

64 

128 

Because  the  TX  and  RX  elements  need  to  be  physically 
separated  while  also  having  overlapping  foci,  the  array 
transducer  was  designed  using  a  stacked  configuration  (Figure 
1).  The  RX  and  TX  arrays  were  coupled  with  isolation  layers 
(nickel  and  alumina/epoxy),  which  also  served  as  common 
ground.  To  improve  the  transmission  sensitivity,  air  backing 
was  used  for  the  low  frequency  array. 


Figure  1  Schematic  of  array  transducer 

PZT  ceramic  (CTS  3203HD,  CTS  Corporation,  Elkhart, 
Indiana,  USA)  and  2-2  composites  were  selected  as  the  TX  and 
RX  material  respectively.  Due  to  the  selected  element  pitch 
and  aperture  design,  the  piezoelectric  layers  were  operated  in 
sliver  mode  for  the  low  frequency  (TX)  elements  and  in  sliver 
composites  mode  for  the  high  frequency  (RX)  elements.  To 
minimize  interference  between  TX  and  RX  elements,  a  TIA 
layer  (in  15  MHz)  of  E-solder  was  added  [17].  The  apertures 
and  matching  layers  for  both  TX  and  RX,  as  well  as  the 
isolation  layers  were  designed  using  the  Krimholtz-Leedom- 
Matthaei  (KLM)  model  [18].  Material  properties  of  each 
constitutive  component  are  summarized  in  Table  2. 

A  prototype  of  the  dual-frequency  array  was  then  fabricated. 
First,  a  PZT  plate  with  thickness  of  500  pm  (for  low  frequency 
TX)  was  cleaned  and  deposited  with  Ti/Au  on  both  sides.  The 
top  electrode  was  then  attached  with  a  layer  of  conductive 
epoxy  (E-solder  3022,  Von  Roll  Isola,  Inc.  New  Haven,  CT), 
which  was  cured  at  room  temperature  for  24  hours.  After 
curing.  E-solder  layer  was  carefully  lapped  to  30  pm  thick,  the 
RX  material,  2-2  composites,  was  bonded  to  the  TX  layer 


using  Epo-Tek  301  (Epoxy  Technologies,  Billerica,  MA),  and 
then  lapped  to  the  thickness  of  100  pm  for  15  MHZ  resonance. 
Finally,  the  conductive  layer,  Ti/Au,  was  sputtered  to  the  top 
receiving  layer.  The  flex  circuits  for  TX  and  RX  were  then 
bonded  to  both  sides  of  the  stack.  After  the  epoxy  was  fully 
cured,  the  dicing  process  was  performed  according  to  the  pitch 
design.  Finally,  the  array  was  interconnected  with  a  printed 
circuit  board  for  further  testing. 


Table  2  Material  properties  of  each  component  of  the  array 


Materials 

composition 

Properties 

PZT 

TX 

Impedance 

Longitudinal  Velocity 
Density 

30  MRayl 
3850  m/s 
7700  kg/iF 

PZT  2-2 
composites 

RX 

Impedance 

Longitudinal  Velocity 
Density 

20  MRayl 
3800  m/s 
5500kg/m^ 

E-Solder  3022 

Isolation 

layer 

Impedance 

Longitudinal  Velocity 
Density 

5.5  MRayl 
2110  m/s 
2590  kg/m^ 

B.  Transducer  Characterization 

The  electrical  impedance  magnitude  and  phase  spectra  for 
each  TX  and  RX  element  were  measured  (HP  4194,  Palo  Alto, 
CA).  For  this  test,  the  array  was  placed  in  a  water  tank,  and 
the  electrical  impedance  and  phase  spectra  were  measured. 
The  element  capacitance  and  dielectric  loss  at  1  KHz  were 
characterized  as  well.  Next,  pulse-echo  testing  was  conducted 
to  measure  sensitivity,  center  frequency,  and  bandwidth  for 
each  element.  A  Panametrics  5077PR  and  a  5900PR 
pulser/receiver  (Panametrics,  Inc.,  Waltham,  MA)  were  used 
for  the  TX  and  RX  pulse  excitations,  respectively.  The  array 
was  positioned  in  a  degassed/deionized  water  bath  in  front  of  a 
polished  stainless  steel  plate  reflector.  The  echo  response  was 
observed  and  recorded  on  an  oscilloscope  (DSO7104B, 
Agilent  Technologies  Inc.,  Santa  Clara,  CA).  The  fast  Fourier 
transform  (FFT)  function  on  the  oscilloscope  was  used  to 
determine  the  frequency  response  of  the  acquired  RF  data. 
Low  frequency  elements  were  excited  with  lOOV,  and  high 
frequency  elements  were  excited  separately  with  1  pJ. 

For  dual-frequency  imaging,  the  sensitivity  of  TX 
elements  is  important.  The  transmission  pressure  of  TX 
elements  was  measured  using  a  calibrated  hydrophone  (Onda 
HNA-0400,  Onda  Co.,  Sunnyvale,  CA,  USA)  while  focusing 
the  array  at  a  depth  of  35  mm.  The  peak  negative  pressure  was 
measured  to  determine  the  transmission  sensitivity. 

C.  Contrast  Imaging 

Contrast  imaging  with  the  array  transducer  was  conducted 
in  a  tissue-mimicking  phantom.  A  200  pm-diameter  cellulose 
tube  with  flowing  microbubbles  (10^  units/mL)  was  positioned 
30  mm  away  from  the  ultrasound  probe  in  the  phantom.  A 
multi-channel  research  imaging  system  (Verasonics  Vantage, 
Kirkland,  WA)  was  used  to  drive  the  array  and  acquire  echoes. 
For  this  work,  19  TX  elements  were  fired  in  each  group,  and 
the  single  RX  element  at  the  center  of  the  sub-aperture 
captured  the  high  frequency  superharmonic  echoes.  Each  low 


75 


frequency  TX  element  was  excited  with  a  one-cycle,  35  V 
pulse.  High  frequency  echoes  were  filtered  with  a  bandpass 
filter  (9-27  MHz)  and  time-gain  compensation  was  applied. 

III.  Results  and  discussion 

A  co-linear  array  prototype  was  fabricated  to  evaluate  the 
performance  for  super-harmonic  imaging  (Figure  2).  The 
active  aperture  was  8  mm  by  18  mm.  The  total  thickness 
(including  flex  circuit)  was  approximately  1  mm. 


Figure  2  Photograph  of  the  co-hnear  array 

Based  on  the  pulse/echo  tests  for  all  of  the  individual 
elements  (Figure  3),  the  TX  element  exhibited  a  mean  center 
frequency  of  3.4±0.2MHz  and  -6  dB  bandwidth  of  45  +  5%, 
and  the  RX  elements  showed  a  mean  center  frequency  of  14.8 


kPa/V  (peak  negative  pressure).  After  correcting  for 
attenuation  in  water  and  diffraction  in  the  azimuth  direction, 
an  insertion  loss  of  -30  dB  was  estimated.  Crosstalk 
measurements  indicated  satisfactory  but  not  ideal  element-to- 
element  isolation.  The  crosstalk  near  the  center  frequency  of 
the  array  was  measured  to  be  32  dB  for  TX  elements  and  28 
dB  for  RX  elements  between  adjacent  elements.  The  second 
adjacent  element  showed  ~35  and  ~30  dB  crosstalk  for  TX 
and  RX  elements,  respectively.  This  crosstalk  arises  from  the 
uncut  isolation  layers:  because  both  TX  and  RX  elements 
were  interconnected  at  the  middle  common  ground,  acoustic 
surface  and  bulk  waves  could  travel  underneath.  The  results  of 
individual  element  testing  for  the  completed  array  are 
summarized  in  Table  3. 


Table  3  Measured  properties  for  the  colhnear  array 


Property 

Value 

Aperture 

8  mm  by  18  mm 

Working  mode 

Transmitting 
(3  MHz) 

Receiving 
(15  MHz) 

Pitch  size 

280  pm  (0.5  X) 

140  pm  (1.33  X) 

Element  number 

64 

128 

Center  frequency 

3.4  MHz 

14.8  MHz 

-6  dB  fractional  bandwidth 

36% 

45% 

Pulse  width  (-20  dB) 

2.7  ps 

0.3  ps 

Capacitance®  1  kHz 

149+12pF 

183+  36  pf 

loss@l  kHz 

52±9mU 

1 16  +  38  mU 

±0.4  MHz  and  -6  dB  bandwidth  of  40  +  8%.  The  measured 
results  corresponded  well  with  the  KLM  model  simulation. 
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The  phantom  image  (Figure  4)  shows  that  the  co-linear 
array  was  able  to  capture  the  microbubble  signal  flowing  in  the 
cellulose  tube.  By  analyzing  the  echo  beam,  the  width  in  the 
axial  and  lateral  dimensions  were  measured  to  be  400  pm  and 
200  pm,  respectively.  The  contrast  to  tissue  ratio  was 
calculated  to  be  ~20  dB. 


Azimuth  distance  Fmml 

Figure  4  Superharmonic  image  of  a  cellulose  tube  filled  with 
microbubbles  in  the  tissue-mimic  phantom. 


Figure  3.  Pulse/echo  test  of  typical  TX  (top)  and  RX  (bottom)  element 
and  their  FFT  spectra 

We  characterized  singular  TX  elements  with  the 
hydrophone  test  and  measured  a  transmission  sensitivity  of  8 
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Axial  distance  [mm] 


Figure  5  The  target  width  in  axial  (middle)  and  azimuth  (right)  direction. 

IV.  CONCLUSION 

In  this  work,  we  developed  a  co-linear,  dual-frequency 
(3/15  MHz)  transducer  for  demonstrating  the  feasibility  of 
transrectal  acoustic  angiography.  The  acoustic  characterization 
results  indicate  that  our  design  concept  and  technique  can 
achieve  fractional  bandwidths  and  transmission/receiving 
sensitivities  which  are  sufficient  for  superharmonic 
microbubble  imaging.  We  also  used  a  multi-channel  imaging 
system  to  demonstrate  that  the  array  was  capable  of  inducing  a 
higher  harmonic  response  from  microbubble  contrast  agents  at 
a  depth  of  30  mm.  With  a  1 -cycle  burst  excitation,  the  target 
widths  in  axial  and  lateral  directions  were  200  pm  and  400  pm, 
respectively,  and  CTR  was  ~20  dB.  These  results  indicate  that 
the  co-linear  array  can  be  used  for  acoustic  angiography 
imaging  for  prostate  tumor  characterization  and  identification 
of  regions  of  neovascularization  for  guidance  of  prostate 
biopsies. 
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Abstract —  In  this  paper,  a  novel  dual  layer  co-linear  array 
ultrasound  transducer  was  developed  for  transrectal  dual¬ 
frequency  superharmonic  imaging.  The  KLM  model  and  Field  II 
were  used  for  the  acoustic  stack  design  and  simulation  of  the 
acoustic  field  of  the  array,  respectively.  The  newly  designed  and 
fabricated  probe  consists  of  50  transmit  elements  with  a  center 
frequency  of  3  MHz  and  100  receive  elements  with  a  center 
frequency  of  18  MHz.  The  dimensions  of  the  array  are  15  mm  in 
azimuth  and  9  mm  in  elevation.  The  pitch  is  270  pm  for  the 
transmitting  elements  and  135  pm  for  the  receiving  element. 
Pulse-echo  testing  of  TX/RX  elements  corresponded  with  the 
simulation  results.  Real-time  contrast  imaging  was  tested  using  a 
multi-channel  imaging  system.  The  non-linear  responses  from 
microbubble  contrast  agents  flowing  through  a  200  pm  cellulose 
tube  at  a  distance  of  30  mm  from  the  probe  were  clearly  observed 
and  displayed  in  the  image.  The  axial  beam  width  and  CNR 
were  calculated  to  be  200  pm  and  18  dB,  respectively.  These 
results  suggest  that  the  prototyped  co-linear  array  is  capable  of 
performing  dual-frequency  superharmonic  imaging  of 
microbubbles  (“acoustic  angiography”)  for  prostate  cancer 
assessment. 

Keywords — acoustic  angiography;  dual  frequency;  ultrasound 
contrast  agent;  transrectal  ultrasound;  prostate  cancer 

1.  Introduction 

In  2014,  prostate  cancer  accounted  for  27%  of  all  cancer 
cases  in  men,  and  still  lacks  a  definitive,  non-invasive 
diagnostic  test  [1].  Routine  diagnostic  tests,  such  as  prostate- 
specific  antigen  levels  and  manual  digital  rectal  examination 
are  limited  by  poor  sensitivity  and  high-false  positive  rates  [2]. 
Core  biopsies  are  painful,  increase  risk  of  hemorrhage,  and 
provide  little  confidence  that  clinically-relevant  regions  are 
sampled.  In  recent  years,  transrectal  ultrasound  (TRUS)  has 
played  a  substantial  role  in  the  diagnosis  of  prostate  cancer  due 
to  its  ability  to  provide  real-time  imaging  and  biopsy  guidance 
[3].  While  TRUS  is  commonly  used  for  biopsy  guidance,  B- 
mode  ultrasound  exhibits  low  sensitivity  for  locating  cancerous 
regions  for  biopsy [4]. 

Recent  research  has  shown  that  contrast-enhanced 
ultrasound  (CEUS)  may  potentially  provide  more  accurate 
prostate  cancer  assessment  [5,  6].  Compared  to  conventional 


Sunny  Kasoji,  Brooks  Lindsey,  Paul  A.  Dayton 
Joint  Department  of  Biomedical  Engineering 
University  of  North  Carolina  and  NC  State  University 
Chapel  Hill,  NC,  27599,  USA 
padayton@email.unc.edu 


ultrasound,  a  contrast-enhanced  approach  can  provide 
estimation  of  micro  vascular  perfusion  in  organs  and  tissues. 
Recently,  our  group  has  investigated  an  alternative  approach  to 
contrast-enhanced  ultrasound  imaging  which  relies  on  the 
superharmonic  echoes  produced  by  microbubble  contrast 
agents,  “acoustic  angiography”.  Because  increased  microvessel 
density  is  associated  with  progression  of  prostate  cancer  [7], 
the  ability  to  image  microvasculature  during  biopsy  ensures 
that  regions  of  neovascularization  are  sampled.  Recent  studies 
on  contrast-enhanced  dual-frequency  ultrasound  imaging 
suggest  that  microbubbles  can  be  excited  in  the  2-4  MHz  range 
and  the  superharmonic  echoes  from  microbubbles  can  be 
detected  at  frequencies  above  18  MHz,  producing  images 
having  high  contrast-to-tissue  ratio  and  high-resolution  [8]. 
These  images  reveal  unique  information  of  tumor  microvessel 
structure  [9]. 

The  primary  challenge  to  implementing  this  imaging 
technique  is  presented  by  transducer  design  and  fabrication.  In 
superharmonic  imaging,  separation  of  transmission  and  the 
receiving  bandwidths  is  required  to  ensure  high  contrast-to- 
tissue  ratio,  and  thus  the  conventional  transducer  arrays  with 
single  center  frequencies  are  not  suitable.  Compared  with  the 
mechanical  scanning  technique  used  with  previous  single¬ 
element  systems  for  superharmonic  imaging  [9],  dual¬ 
frequency  imaging  with  an  array  provides  increased  frame  rate, 
increased  depth  of  field,  more  precise  control  over  the  acoustic 
pressure  field,  and  also  provides  opportunities  for  designing 
probes  with  alternative  form  factors  [10]. 

To  extend  our  previous  work  with  single-element,  dual¬ 
frequency  transducers  [5,  11],  a  3  MHz/ 18  MHz  ultrasound 
array  was  developed  for  transrectal  dual-frequency  imaging 
acoustic  angiography.  A  3  MHz/18  MHz  co-linear  array  with 
50  transmit  and  100  receive  elements  was  designed,  fabricated 
and  characterized.  Pulse-echo  tests  were  conducted  for  both 
low  and  high  frequency  elements.  The  transmitting  array  was 
also  evaluated  by  measuring  the  acoustic  pressure  profile  of 
single  element  with  a  hydrophone.  The  array  transducer’s 
ability  to  perform  microbubble  superharmonic  imaging  was 
tested  by  exciting  microbubbles  flowing  through  a  micro¬ 
cellulose  tube  using  the  3  MHz  transmitting  array  and  detecting 
the  super  harmonic  responses  from  microbubbles  using  the  1 8 
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MHz  receiving  array.  Finally,  contrast  imaging  was  performed 
with  a  multi-channel  imaging  system. 


II.  Materials  AND  METHODS 


A.  Transducer  Design  and  Fabrication 


In  array  design,  the  number  of  active  elements  is  limited 
by  the  imaging  system  electronics,  thus  the  element  pitch  and 
total  aperture  size  was  designed  considering  imaging  system 
limitations  and  the  maximum  acceptable  probe  dimensions  for 
transrectal  ultrasound.  The  prostate  is  within  2  cm  of  the 
rectum,  and  its  size  is  approximately  ~40  mm  in  longitudinal 
direction  and  ~25  mm  in  transverse  direction  ri21(Figure  1). 


Figure  1  Schematic  view  of  anatomy  in  prostate  imaging 
In  order  to  meet  these  considerations,  acoustic  field 
simulations  were  used  to  determine  the  geometry  of  the  low 
and  high  frequency  arrays.  Field  II  was  used  to  assess  a  series 
of  designs  with  varying  parameters,  and  a  design  with  19  low 
frequency  elements  in  each  transmit  event  (active  sub-aperture 
of  2.4  mm  in  the  azimuth  direction)  was  ultimately  adopted 
[13,  14].  The  details  of  this  configuration  are  summarized  in 
Table  1. 


Table  1  Design  parameters  of  co-linear  array 


Property 

Value 

Aperture 

9  mmhy  14  mm 

Working  mode 

Transmitting 
(3  MHz) 

Reeeiving 
(18  MHz) 

Piteh 

270  pm  (0.5  X) 

135  pm  (1.33  7.) 

Element  number 

50 

100 

Because  the  TX  and  RX  elements  need  to  be  physically 
separated  while  also  sharing  the  same  aperture,  the  array 
transducer  was  designed  using  a  stacked  configuration  (Figure 
2).  The  RX  and  TX  were  coupled  with  isolation  layers  (nickel 
and  alumina/epoxy),  which  also  served  as  common  ground.  To 
improve  the  transmission  sensitivity,  air  backing  was  used  for 
the  low  frequency  array. 


H  PZT  ■■  Nickel  H  E-solder 

Figure  2  Schematic  of  array  transducer 
PZT  ceramic  (CTS  3203HD,  CTS  Corporation,  Elkhart, 
Indiana,  USA)  was  selected  as  the  active  material  for  array 
transducer.  Due  to  the  selected  element  pitch  and  aperture 
design,  the  piezoelectric  layers  were  operated  in  sliver  mode 


for  the  low  frequency  (TX)  elements  and  in  coupling  mode 
(between  thickness  mode  and  bar  mode)  for  the  high  frequency 
(RX)  elements.  To  minimize  interference  between  TX  and  RX 
elements,  a  V4  layer  of  nickel  and  a  A./4  layer  of  E-solder  were 
added  [15].  The  apertures  and  matching  layers  for  both  TX  and 
RX,  as  well  as  the  isolation  layers  were  designed  using  the 
Krimholtz-Leedom-Matthaei  (KLM)  model  [16].  Material 
properties  of  each  constitutive  component  are  summarized  in 
Table  2. 


Table  2  Material  properties  of  each  component  of  the  array 


Materials 

composition 

Properties 

PZT 

TX  and  RX 

Impedance 

Longitudinal  Velocity 
Density 

30  MRayl 
3850  m/s 
7700  kg/m^ 

Nickel 

Isolation 

layer 

Impedance 
Logitudinal  Velocity 
Density 

50  MRayl 
5630  m/s 
8800  kg/rF 

Backing  Layer 
(E-solder) 

Matching 

Impedance 

Longitudinal  Velocity 
Density 

5.5  MRayl 
2110  m/s 
2590  kg/m^ 

In  fabricating  the  dual-frequency  array,  first  a  PZT  plate  of 
650  pm  (for  low  frequency  TX)  was  cleaned  and  1500  A  layers 
of  Ti/Au  were  deposited  on  both  sides.  The  top  electrode  was 
then  plated  with  nickel  and  lapped  to  90  pm  to  serve  as  the  first 
isolation  layer.  For  the  second  isolation  layer,  conductive 
epoxy  (E-solder  3022,  Von  Roll  Isola,  Inc.  New  Haven,  CT) 
was  cast  on  the  nickel.  The  material  was  cured  at  room 
temperature  for  24  hours.  After  E-solder  was  carefully  lapped 
to  30  pm  thick,  the  RX  plate  was  bonded  to  the  TX  layer  using 
Epo-Tek  301  (Epoxy  Technologies,  Billerica,  MA),  and  then 
lapped  to  the  thickness  of  110  pm  for  18  MHZ  resonance. 
Another  layer  of  E-solder  was  added  to  the  RX  layer  as 
matching  material.  The  flex  circuits  for  TX  and  RX  were  then 
bonded  to  both  sides  of  the  stack.  After  the  epoxy  was  fully 
cured,  the  dicing  process  was  performed  according  to  the  pitch 
design.  Finally,  the  array  was  inserted  in  a  custom  acrylic 
housing  for  characterization  and  testing. 

B.  Transducer  Characterization 

The  electrical  impedance  magnitude  and  phase  spectra  for 
each  TX  and  RX  element  were  measured  (HP  4194,  Palo  Alto, 
CA).  For  this  test,  the  array  was  placed  in  a  water  bath,  and 
the  electrical  impedance  magnitude  and  phase  angle  were 
measured  over  the  passband.  Next,  the  pulse-echo  response 
was  tested  to  measure  sensitivity,  center  frequency,  and 
bandwidth  for  each  element.  A  Panametrics  5077PR  and 
5900PR  pulser/receiver  (Panametrics,  Inc.,  Waltham,  MA) 
were  used  for  the  TX  and  RX  pulse  excitations,  respectively. 
The  array  was  positioned  in  a  degassed/deionized  water  bath 
in  front  of  a  polished  stainless  steel  plate  reflector.  With  200V 
applied  to  each  low  frequency  element  and  1  pJ  applied  to 
each  high  frequency  element,  the  echo  response  was  observed 
and  recorded  on  an  oscilloscope  (DSO7104B,  Agilent 
Technologies  Inc.,  Santa  Clara,  CA).  The  fast  Fourier 
transform  (FFT)  function  on  the  oscilloscope  was  used  to 
determine  the  frequency  response  of  the  acquired  RF  data. 
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For  dual-frequency  imaging,  sensitivity  of  both  TX  and 
RX  elements  are  important.  The  pressure  level  of  TX  elements 
and  insertion  loss  of  RX  elements  were  characterized.  The 
transmission  pressure  of  a  TX  element  was  measured  with  a 
calibrated  hydrophone  (Onda  HNA-0400,  Onda  Co., 
Sunnyvale,  CA,  USA).  The  element  was  excited  with  a  one- 
cycle,  3  MHz  sinusoidal  signal  from  a  function  generator 
(AFG3101,  Tektronix  Inc.,  Beaverton,  OR).  The  relative 
position  between  transducer  and  hydrophone  was  controlled 
by  a  3 -axis  motion  stage  in  a  water  tank.  The  peak  negative 
pressure  was  measured  to  determine  the  transmission 
sensitivity.  Receive  insertion  loss  was  measured  by  exciting  a 
representative  array  element  with  an  18-MHz  burst  and 
receiving  the  reflected  echo  from  a  polished  steel  reflector 
placed  at  the  elevation  focus.  The  measured  value  was  then 
corrected  for  loss  due  to  diffraction  in  the  azimuth  direction 
attenuation  in  the  water  bath  (2.2  x  dB/mm-MHz)  and 
reflection  from  the  steel  target  (0.6  dB). 

Cross  talk  was  measured  using  a  5  Vpp  5-cycle  burst  to 
excite  a  single  element.  The  same  oscilloscope  was  used  to 
acquire  the  responses  from  the  first,  second  and  the  third 
adjacent  elements. 

C.  Contrast  Imaging 

Contrast  imaging  with  the  array  transducer  was  conducted 
in  a  water  tank.  A  200  pm-diameter  cellulose  tube  with 
flowing  microbubbles  (10^  units/mL)  was  positioned  30  mm 
away  from  the  ultrasound  probe.  A  multi-channel  research 
imaging  system  (Verasonics  Vantage,  Kirkland,  WA)  was 
used  to  drive  the  array  and  acquire  echoes.  For  this  work,  19 
TX  elements  were  fired  in  each  group,  and  the  single  RX 
element  at  the  center  of  the  sub-aperture  captured  the  high 
frequency  superharmonic  echoes.  Each  low  frequency  TX 
element  was  excited  with  a  one-cycle,  55  V  pulse.  High 
frequency  echoes  were  filtered  with  a  bandpass  filter  (9-27 
MHz)  and  time-gain  compensation  was  applied. 


III.  Results  and  discussion 


Aperturi 


A  prototyped  co-linear  array  was  fabricated  to  evaluate  the 
performance  for  super-harmonic  imaging  (Figure  3).  The 
active  aperture  was  9  mm  by  15  mm.  The  total  thickness 
(including  flex  circuit)  was  approximately  1  mm. 
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Figure  3  Photograph  of  co-linear  array  (left)  and  top  view  of  element 
array  under  microscope  (right) 

Based  on  the  pulse/echo  test  for  all  of  the  individual 
elements  (Figure  4),  the  TX  element  exhibited  a  mean  center 
frequency  of  2.9  MHz  and  -6  dB  bandwidth  of  36%,  and  the 
RX  elements  showed  a  mean  center  frequency  of  18.3  MHz 


and  -6  dB  bandwidth  of  45%.  The  measured  results 
corresponded  well  with  the  KLM  model  simulation. 
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Figure  4  Pulse/echo  test  of  typical  TX  (upper)  and  RX  (downside) 
element  and  their  FFT  spectra 

We  characterized  singular  TX  elements  with  the 
hydrophone  test  and  measured  a  transmission  sensitivity  of  8 
kPa/V  (peak  negative  pressure).  Based  on  this  test  result  and 
Field  II  simulation  (Figure  5),  the  focal  zone  of  interest  would 
reach  a  peak-negative  pressure  of  770  kPa  with  a  19-element 
group  firing  under  55  V  excitation  (the  scenario  of  contrast 
imaging  setup).  The  mechanical  index  was  calculated  to  be 
0.46. 
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Figure  5  The  beam  profile  of  19  TX-element  group  firing  in  Field  II 
simulation 


After  correcting  for  attenuation  in  water  and  diffraction  in 
the  azimuth  direction,  an  insertion  loss  of  -30  dB  was  estimated. 
Crosstalk  measurements  indicated  satisfactory  but  not  ideal 
element-to-element  isolation.  The  crosstalk  near  the  center 
frequency  of  the  array  was  measured  to  be  32  dB  for  TX 
elements  and  28  dB  for  RX  elements  between  the  adjacent 
element.  The  second  adjacent  element  showed  -35  and  -30  dB 
crosstalk  for  TX  and  RX  elements,  respectively.  This  crosstalk 
arises  from  the  uncut  isolation  layers:  because  both  TX  and  RX 
elements  were  interconnected  at  the  middle  common  ground, 
acoustic  surface  and  bulk  waves  could  travel  underneath.  The 
results  of  individual  element  testing  for  the  completed  array  are 
summarized  in  Table  3. 


Table  3  Measured  properties  for  the  collinear  array 


Property 

Value 

Aperture 

9  mm  by  14  mm 

Working  mode 

Transmitting 
(3  MHz) 

Reeeiving 
(18  MHz) 

Piteh  size 

270  pm  (0.5  X) 

135  pm  (1.33  X) 

Element  number 

50 

100 

Malfiinetioned  # 

4 

12 
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Center  frequeney 

2.9  MHz 

18.3  MHz 

-6  dB  fraetional  bandwidth 

36% 

45% 

Pulse  width  (-20  dB) 

2.7  qs 

0.3  qs 

Transmission  sensitivity 

8  kPa(PNP)/V 

- 

Insertion  loss 

- 

-30  dB 

Cross  talk 

-32  dB 

-28  dB 

(P^  adjaeent  element) 

The  acquired  image  (Figure  6)  shows  that  the  co-linear 
array  was  able  to  capture  the  microbubble  signal  flowing  in  the 
cellulose  tube.  There  are  two  observable  targets  displayed  in 
the  image  because  of  the  ring-down  of  TX  element.  This 
might  be  avoided  in  the  future  by  adding  a  backing  layer  to 
improve  ring-down  at  the  expense  of  peak  negative  pressure. 
The  received  echo  beam  width  in  the  axial  and  lateral 
dimensions  were  measured  to  be  200  pm  and  400  pm, 
respectively.  The  contrast  to  noise  ratio  was  calculated  to  be 
~18dB. 
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Azimuth  distance  [mm] 

Figure  6  Superharmonic  images  of  a  microtube  filled  with  microbubble 
contrast  agent  using  the  prototype  dual-frequency  array. 


IV.  CONCEUSION 

In  this  work,  we  developed  a  co-linear,  dual-frequency 
(3/18  MHz)  transducer  for  demonstrating  the  feasibility  of 
transrectal  acoustic  angiography.  The  acoustic  characterization 
results  indicate  that  our  design  concept  and  technique  can 
achieve  fractional  bandwidths  and  transmission/receiving 
sensitivities  which  are  sufficient  for  superharmonic 
microbubble  imaging.  We  also  used  a  multi-channel  imaging 
system  to  demonstrate  that  the  array  was  capable  of  inducing  a 
higher  harmonic  response  from  microbubble  contrast  agents  at 
a  depth  of  30  mm.  These  imaging  results  indicate  that  with  a  1- 
cycle  burst  excitation,  the  beam  width  in  axial  and  lateral  was 
200  pm  and  400  pm,  and  CNR  was  ~20  dB.  These  results 
demonstrate  that  the  co-linear  array  is  capable  of  acoustic 
angiography  imaging,  which  can  be  used  for  prostate  tumor 
characterization  and  identify  regions  of  neovascularization  for 
guidance  of  prostate  biopsies. 


The  authors  would  like  to  acknowledge  the  financial  support 
from  U.S.  Army  Medical  Research  and  Materiel  Command 
under  the  grant  PCI  11309.  The  authors  would  like  to  thank 
Jianguo  Ma,  Anthony  Novell,  K.  Heath  Martin  and  Wei-Yi 
Chang  for  providing  instruction  and  assistance  in  transducer 
design,  microbubble  detection  tests,  and  manuscript 
preparation. 


References 

[1]  R.  Siegel,  J.  Ma,  Z.  Zou,  and  A.  Jemal,  "Cancer  statistics,  2014,"  CA:  a 
cancer  journal  for  clinicians,  vol.  64,  pp.  9-29,  2014. 

[2]  W.  Catalona,  J.  Richie,  F.  Ahmann,  M.  Hudson,  P.  Scardino,  R.  Flanigan,  et 
ah,  "Comparison  of  digital  rectal  examination  and  serum  prostate  specific 
antigen  in  the  early  detection  of  prostate  cancer:  results  of  a  multicenter 
clinical  trial  of  6,630  men,"  The  Journal  of  urology,  vol.  151,  pp.  1283-1290, 
1994. 

[3]  M.  A.  Levine,  M.  Ittman,  J.  Melamed,  and  H.  Lepor,  "Two  consecutive  sets 
of  transrectal  ultrasound  guided  sextant  biopsies  of  the  prostate  for  the 
detection  of  prostate  cancer,"  The  Journal  of  urology,  vol.  159,  pp.  471-476, 
1998. 

[4]  M.  Wink,  F.  Frauscher,  D.  Cosgrove,  J.-Y.  Chapelon,  L.  Palwein,  M. 
Mitterberger,  et  ah,  "Contrast-enhanced  ultrasound  and  prostate  cancer;  a 
multicentre  European  research  coordination  project,"  European  urology,  vol. 
54,  pp.  982-993,  2008. 

[5]  J.  Kim,  S.  Li,  S.  Kasoji,  P.  A.  Dayton,  and  X.  Jiang,  "Phantom  evaluation  of 
stacked-type  dual- frequency  1-3  composite  transducers:  A  feasibility  study 
on  intracavitary  acoustic  angiography,"  Ultrasonics,  vol.  63,  pp.  7-15,  2015. 

[6]  K.  H.  Martin,  B.  D.  Lindsey,  J.  Ma,  M.  Lee,  S.  Li,  F.  S.  Foster,  et  ah,  "Dual¬ 
frequency  piezoelectric  transducers  for  contrast  enhanced  ultrasound 
imaging,"  Sensors,  vol.  14,  pp.  20825-20842,  2014. 

[7]  M.  Borre,  B.  V.  Offersen,  B.  Nerstrom,  and  J.  Overgaard,  "Microvessel 
density  predicts  survival  in  prostate  cancer  patients  subjected  to  watchful 
waiting,"  British  journal  of  cancer,  vol.  78,  p.  940,  1998. 

[8]  B.  D.  Lindsey,  J.  D.  Rojas,  K.  Heath  Martin,  S.  E.  Shelton,  and  P.  Dayton, 
"Acoustic  characterization  of  contrast-to-tissue  ratio  and  axial  resolution  for 
dual-frequency  contrast-specific  acoustic  angiography  imaging,"  Ultrasonics, 
Ferroelectrics,  and  Frequency  Control,  IEEE  Transactions  on,  vol.  61,  pp. 
1668-1687,  2014. 

[9]  R.  C.  Gessner,  C.  B.  Frederick,  F.  S.  Foster,  and  P.  A.  Dayton,  "Acoustic 
angiography:  a  new  imaging  modality  for  assessing  microvasculature 
architecture,"  Journal  of  Biomedical  Imaging,  vol.  2013,  p.  14,  2013. 

[10]  T.  Ritter,  T.  R.  Shrout,  R.  Tutwiler,  and  K.  K.  Shung,  "A  30-MHz  piezo¬ 
composite  ultrasound  array  for  medical  imaging  applications,"  Ultrasonics, 
Ferroelectrics,  and  Frequency  Control,  IEEE  Transactions  on,  vol.  49,  pp. 
217-230,  2002. 

[11]  J.  Ma,  K.  H.  Martin,  Y.  Li,  P.  A.  Dayton,  K.  K.  Shung,  Q.  Zhou,  et  ah, 
"Design  factors  of  intravascular  dual  frequency  transducers  for  super¬ 
harmonic  contrast  imaging  and  acoustic  angiography,"  Physics  in  medicine 
and  biology,  vol.  60,  p.  3441,  2015. 

[12]  S.-J.  Zhang,  H.-N.  Qian,  Y.  Zhao,  K.  Sun,  H.-Q.  Wang,  G.-Q.  Liang,  et  ah, 
"Relationship  between  age  and  prostate  size,"  Asian  journal  of  andrology, 
vol.  15,  p.  116,  2013. 

[13]  J.  A.  Jensen,  "Field:  A  program  for  simulating  ultrasound  systems,"  in  lOTH 
NORDICBALTIC  CONFERENCE  ON  BIOMEDICAL  IMAGING,  VOL.  4, 
SUPPLEMENT  1,  PARTI:  351-353,  1996. 

[14]  J.  A.  Jensen  and  N.  B.  Svendsen,  "Calculation  of  pressure  fields  from 
arbitrarily  shaped,  apodized,  and  excited  ultrasound  transducers," 
Ultrasonics,  Ferroelectrics,  and  Frequency  Control,  IEEE  Transactions  on, 
vol.  39,  pp.  262-267,  1992. 

[15]  J.  Ma,  K.  H.  Martin,  P.  Dayton,  and  X.  Jiang,  "A  preliminary  engineering 
design  of  intravascular  dual-frequency  transducers  for  contrast-enhanced 
acoustic  angiography  and  molecular  imaging,"  Ultrasonics,  Ferroelectrics, 
and  Frequency  Control,  IEEE  Transactions  on,  vol.  61,  pp.  870-880,  2014. 

[16]  R.  Krimholtz,  D.  A.  Leedom,  and  G.  L.  Matthaei,  "New  equivalent  circuits 
for  elementary  piezoelectric  transducers,"  Electronics  Letters,  vol.  6,  pp. 
398-399,  1970. 


81 


Dual-frequency  Super  Harmonic  Imaging  Piezoelectric  Transducers 

for  Transrectal  Ultrasound 


Jinwook  Kim“,  Sibo  Li“,  Sandeep  Kasoji'’,  Paul  A.  Dayton'’,  Xiaoning  Jiang*^ 

^Department  of  Mechanical  and  Aerospace  Engineering,  North  Carolina  State  University, 

Raleigh,  NC  27695,  USA 

^Joint  Department  of  Biomedical  Engineering,  University  of  North  Carolina  and  North  Carolina  State 

University,  Chapel  Hill,  NC,  27599,  USA 

ABSTRACT 

In  this  paper,  a  2/14  MHz  dual-frequency  single-element  transducer  and  a  2/22  MHz  sub-array  (16/4 8 -elements  linear  array) 
transducer  were  developed  for  contrast  enhanced  super-harmonic  ultrasound  imaging  of  prostate  cancer  with  the  low 
frequency  ultrasound  transducer  as  a  transmitter  for  contrast  agent  (microbubble)  excitation  and  the  high  frequency 
transducer  as  a  receiver  for  detection  of  nonlinear  responses  from  microbubbles.  The  1-3  piezoelectric  composite  was  used 
as  active  materials  of  the  single-element  transducers  due  to  its  low  acoustic  impedance  and  high  coupling  factor.  A  high 
dielectric  constant  PZT  ceramic  was  used  for  the  sub-array  transducer  due  to  its  high  dielectric  property  induced  relatively 
low  electrical  impedance.  The  possible  resonance  modes  of  the  active  elements  were  estimated  using  finite  element  analysis 
(FEA).  The  pulse-echo  response,  peak-negative  pressure  and  bubble  response  were  tested,  followed  by  in  vitro  contrast 
imaging  tests  using  a  graphite-gelatin  tissue-mimicking  phantom.  The  single-element  dual  frequency  transducer  (8x4x2 
mm^)  showed  a  -6  dB  fractional  bandwidth  of  56.5  %  for  the  transmitter,  and  41.8  %  for  the  receiver.  A  2  MHz-transmitter 
(730  pm  pitch  and  6.5  mm  elevation  aperture)  and  a  22  MHz-receiver  (240  pm  pitch  and  1.5  mm  aperture)  of  the  sub-array 
transducer  exhibited  -6  dB  fractional  bandwidth  of  51.0  %  and  40.2  %,  respectively.  The  peak  negative  pressure  at  the  far 
field  was  about  -1.3  MPa  with  200  Vpp,  1 -cycle  2  MHz  burst,  which  is  high  enough  to  excite  microbubbles  for  nonlinear 
responses.  The  7th  harmonic  responses  from  micro  bubbles  were  successfully  detected  in  the  phantom  imaging  test  showing 
a  contrast-to-tissue  ratio  (CTR)  of  16  dB. 

Keywords:  Dual-frequency  transducer,  transrectal  ultrasound,  prostate  probe,  super-harmonic  imaging,  contrast  imaging, 
mode  coupling 


1.  INTRODUCTION 

Prostate  cancer  is  the  second  leading  cause  of  cancer  death  of  American  men,  with  an  estimated  29,720  deaths  in  2013  in 
the  USA.^  In  recent  years,  health  monitoring  for  the  prostate  cancer  by  means  of  transrectal  ultrasound  (TRUS)  has  been 
considered  as  the  standard  diagnostic  method.  One  of  the  key  indicators  of  prostate  cancer  is  pathological  angiogenesis 
because  tumor  vessel  networks  are  tortuous,  leaky,  and  have  unpredictable  relationships  between  size  and  flow  rate, 
whereas  normal  tissue  has  ordered  and  hierarchical  branching  networks.^  For  tumor  imaging,  piezoelectric  ultrasound  has 
been  widely  adopted  due  to  its  non-invasive  real  time  imaging  capability,  relatively  low  cost,  portability,  and  substantially 
improved  image  quality  with  high  frequency  ultrasound.  In  comparison  with  conventional  ultrasound,  contrast-enhanced 
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ultrasound  (CEUS)  enables  higher  imaging  sensitivity  of  blood  vessels  because  the  injected  microbubble  contrast  agent 
(MCA)  amplifies  scattering  from  the  blood.  ^  A  contrast  enhanced  super-harmonic  imaging  of  micro  vasculature  with 
suppression  of  tissue  background  is  called  acoustic  angiography."^  In  acoustic  angiography,  microbubbles  are  excited  by 
relatively  low  frequency  waves  (1-7  MHz),  which  is  close  to  the  resonant  frequency  of  microbubbles.  The  high  frequency 
(>  15  MHz)  super-harmonic  echoes  from  microbubbles  are  detected  by  a  high  frequency  receiver.^  In  previous  work,  it  was 
confirmed  that  this  technique  can  achieve  high  contrast-to-tissue  ratio  (CTR)  and  high  resolution  in-vivo  microvascular 
imaging.^  However,  the  main  challenge  of  acoustic  angiography  to  date  has  been  the  lack  of  dual -frequency  transducers 
that  can  efficiently  transmit  energy  at  a  selected  low  frequency  and  simultaneously  detect  the  high  frequency  harmonic 
echoes  in  a  confocal  fashion.  To  date,  no  dual-frequency  transducer  design  has  been  optimized  for  transrectal  ultrasound 
imaging  applications.  Several  dual-frequency  contrast  enhanced  imaging  piezoelectric  transducers  with  low  frequency 
transmission  (<  5  MHz)  have  been  reported:  0.9/2. 8  MHz  interleaved  (alternative  arrangement  of  low-frequency 
transmitting  and  high-frequency  receiving  elements)  array 0.9/7. 5  MHz  dual-band  annular  array  transducer  for  second- 
order  ultrasound  field  (SURF)  imaging,^  1/3.7  MHz  interleaved  phase-array  transducer,^  2.5/30  and  4/30  MHz  transducers 
for  in-vivo  3-D  contrast  imaging  of  tissue  micro  vasculature,^®  and  4/14  MHz  transducer  composed  of  a  pad-printed  high- 
frequency  element  and  a  curved  ring  shape  low-frequency  element.  Unfortunately,  the  size  of  these  single-element  and 
array  transducers  are  not  suitable  for  TRUS  applications.  On  the  other  hand,  for  the  application  of  contrast  enhance 
intravascular  ultrasound  (CE-IVUS),  a  6.5/30  MHz  sandwich-type  dual-frequency  transducer  was  developed. This 
transducer  showed  the  capability  of  high-resolution  acoustic  angiography  with  its  compact  structure  (0.6  x  3  mm  aperture 
and  <  600  pm  thickness),  but  the  transducer  size,  frequency  combination,  and  penetration  depth  were  optimized  only  for 
IVUS  applications. 

We  recently  developed  a  small  size  (8x4x2  mm),  sandwich-type  dual-frequency  piezoelectric  transducer  with  a  2  MHz 
transmitter  (TX)  and  a  12-14  MHz  receiver  (RX)  using  1-3  piezoelectric  composites  for  transrectal  acoustic  angiography 
(Figure  1).  The  design  technique  was  briefly  introduced  in  our  previous  work.^^  In  this  work,  microbubble  detection 
capability  and  multiple  A-line  super-harmonic  imaging  results  were  obtained  using  the  2/14  MHz  single-element  transducer. 
In  addition,  a  preliminary  design  of  2/22  MHz  dual -frequency  sub-array  transducer  (16-element  TX  and  48-element  RX 
array)  was  studied  and  discussed  toward  transrectal  acoustic  angiography. 


2.  MATERIALS  AND  METHODS 

Among  many  smart  materials,  the  PZT-5H  1-3  piezoelectric  composite  (volume  fraction  of  60  %,  Blatek,  Inc.,  State  College, 
PA)  and  high-dielectric  soft  PZT  ceramic  (HKl-HD,  TRS  Technologies,  Inc.,  State  College,  PA)  were  used.  A  single¬ 
element  transducer  was  designed  for  operating  at  thickness  extensional  mode.  Thus,  1-3  composite  plates  were  used  for 
both  the  TX  and  RX  due  to  its  high  electro-mechanical  coupling  factor  and  low  acoustic  impedance. On  the  other  hand, 
due  to  the  spatial  limitation  for  sub -array  elements,  the  designed  operating  modes  were  sliver  mode  for  TX  elements  and  a 
coupled  mode  (between  width  extensional  and  thickness  extensional)  for  RX  elements.  Hence,  HKl-HD  ceramics  (free 
dielectric  constant  £33  of  6500)  were  used  for  relatively  low  aspect  ratio  (width/thickness  <  3)  elements.  The  apertures  and 
matching  layers  for  both  a  TX  and  a  RX  as  well  as  an  isolation  layer  were  designed  by  using  the  Krimholtz-Leedom- 
Matthaei  (KLM)  model.  Material  properties  of  each  constitutive  component  of  transducers  are  shown  in  Table  1.  Besides 
the  conventional  thickness  mode  which  can  be  analyzed  by  1-D  model,  the  mode  coupling  of  sliver,  width  extensional,  and 
thickness  modes  were  studied  by  finite  element  analysis  (FEA)  using  ANSYS  software  (ANSYS  Mechanical  APDF®, 
ANSYS®  Academic  Research,  Release  15.0.7,  ANSYS,  Inc.,  Canonsburg,  USA).  After  a  fabrication  process,  electrical 
impedance  spectra  of  the  prototype  transducers  were  measured  by  Agilent  4294A  impedance  analyzer  (Agilent 
Technologies  Inc.,  Santa  Clara,  CA).  The  pulse-echo  responses  of  the  TX  and  RX  were  measured  individually  by  using 
two  different  pulser/receivers:  a  square  wave  pulser/receiver  (Olympus  5077PR,  Olympus  NDT,  Inc.,  Waltham,  MA)  for 
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the  TXs  and  an  Olympus  5900PR  (Panametrics  Inc.,  Waltham,  MA)  for  the  RXs.  The  pulse-echo  signals  were  recorded 
using  a  digital  oscilloscope  (DSO7104B,  Agilent  Technologies  Inc.,  Santa  Clara,  CA). 


Dual-frequency  Transducer 


Transmitter - 

Isolation  layer  - 
Receiver  - 

Matching  layer  - 


Figure  1.  Schematic  of  the  dual-frequency  transducer  for  transrectal  super-harmonic  ultrasound  imaging  and  acoustic 
angiography. 


Table  1.  Material  properties  of  each  constitutive  component  of  the  transducer. 


Materials 

Parts 

p  (kg/mb 

vi  (m/s) 

kt 

^33 

1-3  composite 

Single-element  transducer 
TX&RX 

5300 

3740 

0.65 

660 

TRS-HKl-HD  PZT 

Sub-array  transducer 
TX&RX 

8000 

4180 

0.50 

2500 

E-solder  3022 

Isolation  layer  2 

2590 

2110 

Carbon  steel 

Isolation  layer  1 

7700 

6100 

A1203/epoxy 

Matching  layer  of  TX  &  RX 

2700 

1600 

For  the  single-element  prototype  transducer,  further  acoustic  and  imaging  tests  were  conducted.  We  measured  the  peak¬ 
negative -pressure  (PNP)  produced  by  the  single -element  prototype  transducer  at  different  voltage  inputs  to  confirm  that  it 
was  suitable  for  microbubble  excitation.  The  transmitting  element  was  driven  by  one -cycle  sinusoidal  input  at  2  MHz  with 
various  peak-to-peak  voltages  (100,  150,  and  200  Vpp).  The  mechanical  index  (MI)  of  each  input  condition  was  analyzed. 
A  tissue-mimicking  (graphite -gelatin)  phantom  was  used  for  both  bubble  signal  detection  and  phantom  blood  vessel 
imaging.  The  phantom  design  consisted  of  two  parallel  cellulose  tubes  (200  pm  in  diameter)  suspended  in  the  graphite- 
gelatin  (Figure  2).  The  received  signals  were  processed  to  obtain  the  frequency  spectrum,  and  were  further  band -pass 
filtered  to  obtain  the  higher-harmonic  content  of  the  signals.  When  the  cellulose  tube  was  infused  with  microbubbles,  CTR 
was  calculated  and  compared  using  a  following  equation: 

CTR  =  20  ■  log 

V  ^tissue 

where  Vbubbie  denotes  the  detected  peak  voltage  amplitude  from  microbubbles,  and  Vtissue  is  the  peak  voltage  amplitude 
detected  from  the  tissue -phantom.  When  performing  the  super-harmonic  imaging  test,  2D  images  of  the  tissue -phantom 
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with  microbubbles  flowing  through  the  cellulose  tubes  (x-y  plane  in  Figure  2)  were  acquired  by  collecting  A-lines.  The 
excitation  pulse  was  a  sinusoidal  1-cycle  burst  at  2  MHz  generated  from  a  function  generator  (AFG3101,  Tektronix  Inc., 
Beaverton,  OR).  The  driving  signal  (300  mVpp)  generated  by  the  function  generator  was  amplified  using  a  60  dB  radio- 
frequency  amplifier  (Model  3200L,  Electronic  Navigation  Industries  Inc.,  Rochester,  NY).  The  received  signals  from 
microbubbles  were  high-pass  filtered  at  10  MHz  to  eliminate  the  fundamental  and  lower-order  harmonic  responses  (<  6th 
harmonic)  from  the  tissue  phantom.  The  average  and  envelope  of  the  100  acquired  A-lines  with  16  dB  gain  were  stored 
individually  and  converted  to  the  B-mode  images  offline. 


Figure  2.  Experimental  setup  for  the  bubble  detection  test  and  super-harmonic  imaging  with  a  tissue  phantom. 


3.  RESULTS  AND  DISCUSSION 


3.1  Design  and  fabrication  results 

For  the  single-element  transducer,  an  aperture  of  a  2  MHz-TX  was  designed  as  3.8  x  7.0  mm^  aiming  for  PNP  of  >  1  MPa 
at  10  mm  away,  -6  dB  beam  diameter  of  '-3  mm,  and  electrical  impedance  matching  of  ~  50  Q.  The  14  MHz  RX  is  required 
to  share  the  same  focal  axis  with  the  TX  by  positioning  itself  in  front  of  the  TX.  Thus,  the  RX  with  a  thickness  of  90  pm  is 
allowed  to  have  a  large  enough  aperture  (>  0.9  x  0.9  mm^)  for  the  pure  thickness  vibration  mode.  On  the  other  hand, 
resonance  of  other  active  components  (TX  of  the  single -element  transducer,  TX  and  RX  of  the  sub-array  transducer)  were 
estimated  by  FEA  (Figure  3)  considering  mode  coupling  effects  caused  by  the  element  dimensions.  Material  properties, 
dimensions,  and  vibration  modes  of  each  active  component  are  shown  in  Table  2.  Although  the  thickness  (710  pm)  and  the 
lateral  dimension  of  the  single -element  transducer  TX  (3.8  x  7.0  mm^)  is  not  perfectly  suitable  for  a  pure  thickness  mode 
resonance  (>  7.0  x  7.0  mm^),  a  calculated  impedance  spectrum  exhibited  an  isolated  thickness  mode  resonance  at  2  MHz 
from  the  lateral  vibration  (width  extensional)  mode  at  292  kHz  (Figure  3  (a)).  This  result  shows  that  the  1-3  composite  has 
several  advantages  for  the  low-frequency  transmitter  design,  including  1)  a  thin  active  layer  ('-710  pm)  for  the  designed 
frequency  (2  MHz)  due  to  its  relatively  low  stiffness,  2)  the  suppressed  mode -coupling  between  the  thickness  and  lateral 
resonant  modes  due  to  the  laterally  isolated  connectivity  of  1-3  composites  .  Therefore,  a  low  aspect  ratio  (width  to  thickness. 
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<  3)  active  layer  is  possible  by  using  1-3  composite,  which  is  advantageous  for  single-element,  small-size  dual  frequency 
transducers  for  interventional  applications. 

For  the  sub-array  transducer,  1-3  composite  is  not  an  optimal  candidate  for  an  TX  array  element  with  an  aspect  ratio  of  0.5 
due  to  its  low  dielectric  constants  (£33  of  660),  which  causes  unacceptable  electrical  impedance  at  the  resonance  (>  1  kQ). 
On  the  other  hand,  HKl-HD  PZT  ceramic  with  a  high  dielectric  constant  £33  of  2500  showed  130  Q  at  the  2  MHz  sliver 
resonance  (Figure  3  (b)).  The  width  extensional  resonance  occurred  at  3.3  MHz,  which  is  37  %  higher  than  the  anti¬ 
resonance  frequency  of  the  sliver  mode  (2.4  MHz).  The  RX  elements  of  the  sub-array  had  an  aspect  ratio  of  3,  and  this 
structure  exhibited  a  coupled  mode  at  22  MHz  which  is  coupling  between  5*  harmonic  width  extensional  resonance  and 
the  thickness  resonance  (Figure  3  (c)).  Although  this  is  not  an  optimal  design  of  the  RX  for  harmonic  signal  receiving,  the 
electrical  impedance  amplitude  at  the  resonance  of  45  Q  is  an  acceptable  value  for  RX  array  elements.  The  mode  coupling 
at  the  designed  frequency  range  can  be  removed  by  sub -dicing  of  elements. 


Table  2.  Configuration  of  each  transducer  component. 


Components 

Single-element  TX 

Single-element  RX 

Sub-array  TX 

Sub-array  RX 

Dimension  (mm^) 

3.8x7.0x0.71 

2.0  X  2.0  X  0.09 

6.5  X  0.4  X  0.64 

1.5  X  0.21  X  0.075 

Vibration  mode 

Thickness 

extensional 

Thickness 

extensional 

Sliver 

Coupled  mode 
(width  extensional  -i- 
thickness  extensional) 

Material 

PZT-5H  1-3 
composite 

PZT-5H  1-3 
composite 

HKl-HD  PZT 

HKl-HD  PZT 

Figure  3.  Calculated  impedance  spectra  of  active  components:  (a)  Single  element  transducer  TX;  (b)  Sub-array 
transducer  TX;  (c)  Sub-array  transducer  RX.  The  coupled  mode  in  (c)  shows  a  mode  coupling  between  5th  harmonic 
width  extensional  mode  and  thickness  mode. 


Based  on  the  designed  parameters,  prototype  transducers  were  fabricated.  The  fabrication  procedures  were  presented  in 
detail  in  our  previous  work  for  intravascular  ultrasound  transducers.^^  The  key  features  of  the  prototype  transducers  (Figure 
4)  are  summarized  as  follows;  1)1-3  piezoelectric  composite  was  used  for  single-element  transducer  due  to  its  wideband 
(short  pulse)  characteristics  and  the  low  aspect  ratio  capabilities,  whereas  the  sub-array  transducer  was  made  of  high- 
dielectric  soft  PZT  ceramic  considering  the  aspect  ratio  limitation  and  electrical  impedance  of  array  elements,  2)  The  single¬ 
element  prototype  was  designed  without  a  highly  attenuating  and  thick  backing  layer  in  order  to  reduce  the  total  thickness 
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of  the  transducer.  The  intrinsic  wideband  characteristics  of  the  1-3  composite  redeem  the  slightly  declined  bandwidth 
caused  by  the  absence  of  the  backing  layer.  In  contrast,  sub-array  TX  elements  have  a  tungsten  backing  for  a  short-pulse 
excitation  performance,  3)  The  high-frequency  RX  was  included  in  the  matching  layer  of  the  low-frequency  TX  to  share  a 
coaxial  beam  profile  for  the  two  frequencies,  4)  The  dual-isolation  layer  was  used  between  the  RX  and  TX  for  the  acoustic 
impedance  mismatch  (5.5  and  50  MRayl),  which  blocks  the  received  high  frequency  echo  signals  from  entering  into  the 
transmitter  and  eliminates  the  aliasing  echo  reflected  from  the  backside  of  the  transmitter. 


Single-element  transducer  Sub-array  transducer 


(a) 


(b) 


Figure  4.  Fabrication  results:  (a)  the  prototype  dual-frequency  single-element  and  sub-array  transducer; 
(b)  cross  sectional  view  of  the  center  part  of  each  transducer. 


3.2  Impedance  measurement  results 

Electrical  impedance  amplitude  and  phase  angle  spectra  of  each  components  were  measured  after  a  poling  process.  Figure 
5  shows  measured  spectra  of  each  component.  The  measured  data  denote  that  targeted  resonance  modes  such  as  2/14  MHz 
for  the  single-element  transducer  and  2/22  MHz  for  the  sub -array  transducer  are  clearly  shown  in  each  impedance  spectrum. 
The  anticipated  width  extensional  mode  of  sub-array  transducer’s  TX  element  at  3.3  MHz  (Figure  5  (b))  was  suppressed 
due  to  the  thick  (1  mm)  and  heavy  backing  of  the  prototype  transducer. 


Figure  5.  Measured  impedance  spectra  of  prototype  transducers;  top  legend  of  each  figure  indicate  the  name  of 
transducer  components. 
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3.3  Pulse-echo  and  pressure  output  test  results 

The  pulse-echo  response  of  the  single-element  TX  demonstrates  a  center  frequency  of  2.2  MHz  and  the  -6  dB  fractional 
bandwidth  of  56.5  %  (Figure  6  (a)).  Though  the  backside  of  the  TX  is  close  to  the  free  boundary,  which  cannot  absorb 
backward  travelling  waves,  the  low  acoustic  impedance  and  low  mechanical  quality  factor  of  1  -3  composites  are  capable 
of  emitting  a  short  pulse-echo  response.  The  single-element  RX  demonstrates  a  center  frequency  of  13.7  MHz  and  the  -6 
dB  fractional  bandwidth  of  41.8  %  (Figure  6  (b)).  It  showed  a  relatively  long  ring  down  due  to  the  dual -isolation  layer 
which  is  designed  to  reflect  high-frequency  waves.  The  measured  response  from  the  receiver  showed  a  sufficient  -6  dB 
bandwidth  to  cover  the  6th  and  7th  harmonic  frequencies  (12  to  14  MHz). 

An  element  of  sub-array  TX  showed  the  center  frequency  of  2.2  MHz  and  -6  dB  fractional  bandwidth  of  51.0  %  (Figure  6 
(c)).  Although  peak-to-peak  echo  amplitude  of  a  single  channel  TX  is  not  sufficient  for  bubble  excitation  due  to  the  heavy 
backing,  it  can  be  expected  that  group  firing  of  multi-channel  TX  can  excite  micro  bubbles  for  harmonic  responses.  A  sub¬ 
array  RX  element  showed  the  center  frequency  of  25.8  MHz  and  the  -6  dB  fractional  bandwidth  of  40.2  %  (Figure  6  (d)). 
The  width  extensional  mode  at  8  MHz  might  cause  ringing  after  2.3  ps  because  the  matching  layer  of  RX  was  designed 
based  on  a  quarter  wavelength  of  22  MHz  waves.  This  aliasing  echo  at  lower  frequency  than  the  target  frequency  of  22 
MHz  can  be  filtered  out  during  super-harmonic  imaging  process. 


Single-element  TX 


100  150  200 

Peak-to-peak  input  voltage  (V) 


(c) 


(d) 


(f) 


Figure  6.  Acoustic  test  results  of  each  transducer  component;  (a-d)  pulse-echo  response  of  each  component  shown  at 
the  left  legend  of  each  figure;  (e-f)  measured  pressure  waves  and  PNP  with  1 -cycle  of  100, 150,  and  200  Vpp  excitation 
at  2  MHz. 


Acoustic  pressures  produced  by  the  single-element  prototype  transducer  at  various  voltage  inputs  were  measured  to 
determine  the  proper  input  conditions  for  acoustic  angiography  (Figure  6  (e)).  Using  the  1 -cycle  excitation  at  2  MHz,  and 
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peak-to-peak  voltage  inputs  of  100  V,  150  V,  and  200  V,  PNPs  were  measured  to  be  0.82,  1.12,  and  1.36  MPa,  respectively 
(Figure  6  (f)).  Previous  work  confirmed  that  if  the  MI  is  as  high  as  approximately  1.0  using  a  low-frequency  (1.5-2. 5  MHz) 
to  excite  microbubbles,  a  15  MHz  receiver  can  detect  clear  super-harmonic  signals  from  the  microbubbles.  Therefore, 
transmission  excitation  pulses  of  1 -cycle  and  higher  than  200  Vpp  with  associated  Mis  of  >  0.96  may  be  appropriate 
excitation  conditions  for  microbubble  detection  tests  and  super-harmonic  imaging. 


3.4  Bubble  signal  detection  and  super  harmonic  imaging  results 

Bubble  signal  detection  and  super  harmonic  imaging  tests  were  conducted  with  the  aforementioned  experiment  set-up 
shown  in  Figure  2.  Figure  7  (a)  shows  the  case  of  water  injected  into  a  microcellulose  tube  (200  pm  in  diameter).  The 
received  signal  showed  only  acoustic  reflections  from  the  tissue -phantom  boundary.  In  the  case  of  injecting  air  into  the 
tube  14  MHz  RX  detected  the  2  MHz  fundamental  response  from  the  air,  followed  by  the  phantom  boundary  reflection 
(Figure  7  (b)).  Due  to  the  large  acoustic  impedance  difference  between  air  and  water,  the  frequency  content  of  the  response 
from  air  is  dominantly  around  the  fundamental  frequency. 
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Figure  7.  Bubble  detection  test  and  imaging  results;  (a)  detected  voltage  amplitude  comparison  between  water  and  air 
injection  cases;  (b-d)  compassion  between  air  and  microbubble  injection  cases;  (b)  detected  waveforms,  (c)  frequency 
spectra  transformed  with  the  designated  FFT  window  in  (b),  (d)  detected  amplitudes  filtered  by  a  digital  band-pass 
filter  (8-15  MHz);  (e)  super-harmonic  B-mode  images  of  microtubes  in  a  tissue-mimicking  phantom. 


In  comparison  with  the  linear  signal  from  the  tissue -phantom  boundary,  the  signal  from  the  tube  filled  with  microbubbles 
showed  a  slightly  reduced  peak-to-peak  amplitude  and  distorted  waveform.  This  distortion  of  the  signal  is  caused  by  the 
nonlinear  response  of  the  microbubbles.  Time  range  of  19-21.5  ps  was  used  as  the  window  for  the  fast  Fourier  transform. 
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The  frequency  spectrum  for  the  case  with  air  was  also  analyzed  to  compare  with  the  frequency  spectrum  for  the 
microbubbles  (Figure  7  (c)).  In  addition  to  a  strong  second-harmonic  response  (-10  dB),  the  microbubble  frequency 
spectrum  showed  high  amplitude  at  the  4th  through  the  7th  harmonics  (-23  to  -30  dB),  whereas  the  air-filled  tube  showed 
these  same  harmonic  components  as  less  than  -40  dB  in  amplitude.  This  comparison  clearly  demonstrates  that  the 
microbubble  response  contains  larger  higher-harmonic  components.  By  considering  the  measured  higher  harmonic 
components,  the  received  bubble  signal  was  processed  with  a  digital  band-pass  filter  which  had  cut-off  frequencies  between 
8  and  15  MHz.  The  filtered  microbubble  signal  was  compared  with  filtered  air  signal  (Figure  7  (d)).  The  fundamental 
frequency  component  was  completely  removed  in  both  the  air  and  microbubble  signals,  and  only  the  filtered  microbubble 
signal  exhibited  high-frequency  harmonics  with  13.5  mVpp,  whereas  the  filtered  signal  from  air  showed  noise  level  signals 
(<  1.2  mVpp).  Overall,  the  super-harmonic  responses  of  the  microbubbles  (5th  through  7th  harmonics)  were  successfully 
detected  with  a  penetration  depth  in  tissue  of  about  5  mm.  The  cellulose  tubes  in  the  tissue-mimicking  phantom  were 
scanned  by  the  aforementioned  acoustic  angiography  imaging  procedure  using  the  single-element  transducer.  The  results 
showed  that  the  super-harmonic  images  obtained  by  our  single-element  dual-frequency  transducer  clearly  visualize  the 
cross-section  of  tubes  filled  with  microbubbles  (Figure  7  (e))  suppressing  tissue  images.  In  Figure  7  (e),  the  averaged  CTR 
is  16  dB.  The  slight  error  of  tube  position  in  acquired  images  ('-12.2  mm  along  the  y-axis))  was  likely  resulted  from  the 
pressure-dependent  speed  of  sound  in  tissue -phantom  for  harmonic  signals.  The  distortion  of  the  imaged  tube  diameter 
('-615  pm)  in  comparison  with  an  actual  diameter  ('-200  pm)  can  be  reduced  by  increasing  the  bandwidth  and  center 
frequency  of  the  RX. 


4.  CONCLUSION 

In  this  work,  we  developed  a  single-element  and  sub-array  dual-frequency  transducers  for  transrectal  acoustic  angiography. 
The  possible  resonance  modes  for  1-3  composite  and  TRS-HKl-HD  ceramic  drive  sections  in  a  sandwich  design  were 
analyzed  considering  spatial  limitation  of  transrectal  ultrasound  probes.  Our  study  on  the  dual -frequency  design  indicates 
that  1-3  composite  is  suitable  for  the  single-element  transducers  due  to  its  wideband  and  laterally  isolated  characteristics, 
whereas  it  is  not  proper  for  the  array  transducer  design  due  to  its  low  dielectric  property.  With  a  small-size  aperture  and 
total  thickness  (8x4x2  mm),  our  single-element  prototype  is  capable  of  inducing  the  nonlinear  higher  harmonic  response 
of  MCA  with  a  penetration  depth  in  a  tissue -phantom  of  about  5  mm.  Moreover,  it  is  capable  of  detecting  higher-order 
harmonics  (5th  through  7th)  from  microbubbles  with  the  suppression  of  linear  tissue  signal.  The  2/12-14  MHz  single¬ 
element  1-3  composite  transducer  can  produce  a  vascular  image  with  CTR  of  16  dB  and  -6  dB  resolution  of  615  pm  for 
200  pm  micro-blood  vessels.  This  resolution  can  be  improved  by  increasing  the  bandwidth  and  center  frequency  of  the 
receiver.  The  bubble  detection  and  imaging  by  using  the  developed  2/22  MHz  sub-array  transducer  are  currently  underway, 
and  this  work  on  new  dual  frequency  piezoelectric  ultrasound  transducer  design  is  promising  for  transrectal  acoustic 
angiography  applications. 
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Abstract — Spatial  limitation  can  be  a  challenge  to 
interventional  ultrasound  transducers  for  dual-frequency 
contrast-enhanced  ultrasound  imaging,  or  acoustic 
angiography.  A  low  frequency  (<  3  MHz)  transmission  with 
moderate  peak  negative  pressure  (PNP)  and  short  pulse  length 
is  not  easily  attainable  within  limited  dimensions.  In  this  paper, 
a  new  design  of  the  low  frequency  transmitter  of  dual¬ 
frequency  transducers  is  presented.  1-3  composites  for 
interventional  transmitter  design  were  analyzed  by  the 
Krimholtz-Leedom-Matthaei  (KLM)  model  and  finite  element 
analysis  (FEA).  The  dual  frequency  transducer  prototype  with 
a  2  MHz  1-3  composite  transmitter  and  a  14  MHz  receiver  was 
fabricated  and  characterized,  followed  by  microbubble 
detection  tests.  The  transmitter  showed  the  peak  negative 
pressure  (PNP)  of  -1.5  MPa.  The  -6  dB  pulse  echo  fractional 
bandwidth  for  the  transmitter  and  receiver  were  61  %  and 
45  %,  respectively.  The  prototyped  dual  frequency  transducer 
was  used  to  successfully  excite  microbubbles  and  to  detect 
super  harmonic  responses  from  microbubbles.  The  measured 
harmonic  signal  showed  a  12  dB  contrast-to-noise  ratio  (CNR). 

Keywords — interventional  ultrasound;  contrast  enhanced 
imaging;  dual  frequency  transducers;  super-harmonic  imaging; 

I.  Introduction 

Using  conventional  ultrasound  for  imaging  blood  flow  in 
micro  vessels  is  challenging  due  to  weak  ultrasound 
scattering  from  blood  [1].  Thus,  superharmonic  imaging, 
also  referred  to  as  acoustic  angiography  when  using  a  high 
frequency  receiver,  was  developed  because  of  its  capability 
of  producing  high  resolution  images  of  blood  vessels  [1,  2]. 
In  this  technique,  microbubbles  are  usually  excited  by  low 
frequency  acoustic  waves  (1-4  MHz)  with  moderate  peak 
negative  pressure  and  short  pulse  length  near  the  resonant 
frequency  of  microbubbles;  the  high  frequency  (>  1 5  MHz) 
nonlinear  echoes  from  microbubbles  are  received  by  a  high 
frequency  receiver  [3,  4].  Proper  frequency  combinations 
that  produces  high  contrast-to-tissue  ratio  in  super  harmonic 
imaging,  and  high  resolution  have  been  reported  [2,  3,  5,  6]. 
However,  the  main  challenge  of  this  imaging  method  to  date 
has  been  the  lack  of  dual-frequency  transducers  that  can 
transmit  energy  at  a  selected  low  frequency  and 
simultaneous  confocal  detection  of  high  frequency  scattered 
echoes  [1].  Dual-frequency  transducers  for  interventional 
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ultrasound  imaging  applications  such  as  transrectal 
ultrasound  and  intravascular  ultrasound  (IVUS)  need  to  be 
designed  considering  the  spatial  limitation.  However,  the 
design  concept  and  important  design  parameters  for  dual¬ 
frequency  super-harmonic  imaging  transducers  have  not 
been  extensively  reported  so  far.  The  4/30  MHz  dual 
frequency  transducer  design  was  introduced  with  high- 
frequency  3-D  contrast  imaging  of  in  vivo  microvasculature 
[1,  5],  but  the  transducer  size  was  not  practical  for 
interventional  applications.  Recently,  the  sandwich  design  of 
a  small-aperture  6.5/30  MHz  transducer  made  of  PMN-PT 
crystals  for  the  application  of  the  contrast  enhanced 
intravascular  ultrasound  (CE-IVUS)  has  been  reported  [7]. 
The  simple  design  of  this  dual-frequency  transducer  showed 
promising  performance  with  a  small  size  aperture  (0.6  x  3 
mm^  aperture  and  <  600  pm  thickness). 

Therefore,  the  sandwich  design  (Fig.  1)  was  adopted  in 
this  work  and  improved  for  general  interventional  acoustic 
angiography.  By  considering  microbubble  size  and  a 
penetration  depth  in  other  interventional  applications  such  as 
transrectal  ultrasound,  transmission  frequency  was  lowered 
to  2  MHz.  Such  a  low  frequency  transmitter  presents  a 
serious  challenge  to  the  small  aperture  dual  frequency 
transducer  design.  PZT-5H  1-3  composite  was  used  for  the 
transmitter  instead  of  PMN-PT  single  crystal  plate  aiming  to 
obtaining  a  broadband  transmitter  without  a  conventional 
thick  and  lossy  backing.  The  design,  fabrication, 
characterization,  and  microbubble  test  results  for  small 
aperture  dual-frequency  transducers  are  presented  in  detail  in 
the  following  sections. 


Fig.  1 .  Schematic  design  of  the  sandwich-type  dual  frequency  transducer. 
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II.  Materials  AND  Methods 

A.  Design  Methods  and  Material  Properties 

Key  design  parameters  were  analyzed  by  the  Krimholtz- 
Leedom-Matthaei  (KLM)  model  and  finite  element  analysis 
(FEA).  The  low  transmitting  frequeney  element  was 
designed  at  2  MHz  eonsidering  the  resonant  frequeney  of 
mierobubbles  and  prior  testing  [6].  Thus,  proper  thiekness, 
aperture,  and  material  were  then  determined.  Among 
eonventional  piezoeleetrie  materials  sueh  as  PZT-5H,  PMN- 
PT  single  erystal,  and  PZT-5H  1-3  eomposite  (Table  I), 
suitability  of  eaeh  material  for  the  transmitter  element  were 
eompared  by  using  ANSYS  FEA  software.  In  the  ease  of  2 
MHz  transmission  and  13-15  MHz  reeeiving,  appropriate 
apertures  for  both  transmitter  and  reeeiver  were  determined 
by  analyzing  beam  patterns.  One  partieular  design  issue  for 
the  dual-frequeney  transdueer  is  that  the  whole  high- 
frequeney  reeeiving  element  should  be  plaeed  at  the  eenter  of 
the  matehing  layer  of  the  low-frequeney  transmitter  as 
shown  in  Fig.  1.  Therefore,  the  matehing  layer  thiekness  was 
adjusted  in  aeeordanee  with  the  total  thiekness  of  the 
reeeiving  element  ineluding  a  dual  isolation  layer  based  on 
the  analyzed  results  from  the  KEM  model  and  FEA.  To 
simplify  the  ealeulation,  homogenized  single-phase  1-3 
eomposite  material  was  used  [8],  and  a  symmetrie  eondition 
was  applied  to  a  quarter  model.  The  matehing  layer  material 
was  seleeted  as  AEOs/epoxy  mixture  due  to  its  proper 
aeoustie  impedanee  (5.8  MRayl).  A  steel  shim  and  silver 
epoxy  (E-solder  3022)  were  used  as  a  dual-isolation  layer 
due  to  its  large  aeoustie  impedanee  differenee  of  50  MRayl 
and  5.5  MRayl,  respeetively.  The  large  differenee  between 
aeoustie  impedanee  of  isolation  layers  1  and  2  ean  provide  a 
strong  refleetion  of  reeeived  high  frequeney  waves  at  the 
boundary.  Although  this  refleetion  may  slightly  reduee  the 
reeeiving  bandwidth,  the  isolation  layers  would  bloek  the 
wave  transmission  to  the  transmitter  and  baekseattered 
waves  from  the  baekside  of  the  transmitter. 


B.  Fabrication,  Chracterization,  Test  Methods 

The  fabrieation  proeess  for  the  dual-frequeney  transdueer 
is  similar  to  that  reported  previously  [7].  The  pulse-eeho 
signals  of  both  transmitters  and  the  reeeivers  were  measured 
individually.  A  pulser/reeeiver  (5900PR,  Panametries  Ine., 
Waltham,  MA)  was  used  in  a  pulse-eeho  test  and  energies  of 
1  pJ  and  2  pJ  were  used  to  exeite  the  reeeiver  and  transmitter, 
respeetively.  The  peak  negative  pressure  of  the  prototypes 
was  measured  using  a  needle  hydrophone  (HNA-0400,  Onda 
Corp.,  Sunnyvale,  CA),  whieh  was  positioned  in  front  of  the 
prototype  transdueer.  The  transmitter  of  the  prototype  was 
exeited  with  a  two-eyele  sinusoidal  input  at  2  MHz  and  300 
mVpp  generated  from  a  funetion  generator  (AFG3101, 
Tektronix  Ine.,  Beaverton,  OR).  The  driving  signal  was 
amplified  by  60  dB  using  a  radio -frequeney  amplifier 
(Model  3200E,  Eleetronie  Navigation  Industries  Ine., 
Roehester,  NY).  For  the  eontrast  test,  the  harmonie  signals 
from  mierobubbles  were  measured.  The  eellulose  tube  (200 
pm  diameter)  was  positioned  at  about  8  mm  away  from  the 
transdueer.  The  transmission  eondition  was  same  as  the  one 


used  in  the  pressure  mapping  eondition.  The  eellulose  tube 
was  filled  with  water,  air,  and  miero  bubbles,  respeetively, 
and  then  the  reeeived  signals  in  eaeh  ease  were  proeessed  to 
obtain  a  frequeney  speetrum  and  filtered  signals.  The  eut-off 
frequeneies  of  the  high  and  low  pass  filters  were  10  MHz 
and  20  MHz,  respeetively. 

III.  Results 
A.  Design  specifications 

Based  on  the  elastie  material  properties  of  eonventional 
piezoeleetrie  materials,  the  thiekness  of  aetive  materials  for 
the  2  MHz-resonanee  was  determined  (Table  I).  The  PZT-5H 
1-3  eomposite  (volume  fraetion  of  60  %)  exhibited  the 
smallest  thiekness  (-710  pm)  for  the  designed  operating 
frequeney,  whieh  is  preferred  in  interventional  transdueer 
designs.  In  addition,  FEA  on  feasible  minimum  aperture 
without  any  mode  eoupling  showed  another  merit  of  the  1  -3 
eomposite.  In  the  ease  of  2  MHz  resonanee  with  an  area  of 
3x3  mm^,  only  the  1-3  eomposite  showed  a  pure  thiekness 
resonanee  at  the  designed  frequeney  (Fig.  2).  Thus,  the  1-3 
eomposite  plate  was  adopted  as  the  transmitter  due  to  its 
laterally  isolated  eharaeteristies  at  smaller  dimensions,  whieh 
is  a  great  merit  to  make  smaller  transdueers  for  the 
interventional  ultrasound  applieations.  The  designed 
transmitter  showed  a  pulse-eeho  amplitude  of  15.1  mVpp/V 
and  the  -6dB  fraetional  bandwidth  of  61.2  %.  The  high- 
frequeney  reeeiver  exhibited  the  sensitivity  and  bandwidth  of 
21.7  mVpp/V  and  49.3  %,  respeetively. 


TABLE  1.  Properties  of  piezoeeectric  materiaes. 


Parameters 

PZT-5H 

PMN-PT 

PZT-5H 

1-3  eomposite 

p  (kg/m^) 

7500 

8040 

5300 

(xlO’N/m) 

157 

173 

74.3 

(m/s) 

4560 

4640 

3740 

(MRayl) 

34.2 

37.3 

19.7 

kt 

0.51 

0.64 

0.65 

t  (mm) 

*2MHz  ^ 

0.990 

0.950 

0.710 

Fig.  2.  Calculated  impedance  spectra  of  piezoelectric  plates  with  3x3  mm^ 
and  2  MHz  thickness  resonance. 
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To  check  the  receiver’s  effects  on  transmitting 
performance,  the  single-frequency  design  which  has  only 
AhOs/epoxy  mixture  matching  layer  without  a  receiver  part 
was  also  analyzed  and  compared  with  the  dual-frequency 
model  by  FEA  (Fig.  3).  With  a  cycle  of  100  Vpp  sinusoidal 
excitation,  the  generated  waveform  and  peak  values  of  both 
cases  are  almost  same,  suggesting  that  the  designed  high 
frequency  receiver  layer  will  not  affect  transmitting 
performance  significantly. 

Table  II  presents  key  design  specifications  for  the  dual 
frequency  transducer,  and  the  prototypes  were  fabricated 
based  on  these  parameters  (Fig.  4).  The  difference  between 
prototypes  1  and  2  is  the  aperture  size  of  the  receiver.  The 
receiving  aperture  of  prototype  1  was  modified  to  3.8  x  2.0 
mm^  from  the  designed  dimension  in  Table  II  to  compare 
receiving  performance. 


Fig.  3.  3D  FEA  for  transmitting  performance;  (a)  3-D  half  finite  element 
model  of  a  dual-frequency  transducer,  (b)  Comparison  of  transmitted  wave 
forms  with  the  2  cycles  of  100  Vpp  sinusoidal  excitation  for  both  single 
frequency  and  dual  frequency  designs. 


TABLE  II.  Materials  and  dimensions  of  the  final  model. 


Part 

Material 

Dimension  (mm^) 

Transmitter 
Matching  layer  (Tx) 
Isolation  layer  1 
Isolation  layer  2 
Receiver 

Matching  layer  (Rx) 

1-3  composite 
AhOs/epoxy 
E-solder  3022 
Carbon  steel 
1-3  composite 
AfOs/epoxy 

3.8  X  8.0  X  0.71 

3.8  X  8.0  X  0.29 

2.0  X  2.0  X  0.06 

2.0  X  2.0  X  0.08 

2.0  X  2.0  X  0.09 

2.0  X  2.0  X  0.06 

B.  Acoustic  Characterization  Results 

The  transmitter  of  prototype  1  showed  a  peak-to-peak 
voltage  of  210  mV  and  -6  dB  fractional  bandwidth  of  61.1  %, 
and  the  receiver  showed  430  mVpp  and  45.1  %  (Fig.  5).  For 
prototype  2,  the  measured  echo  peak  voltages  for  the 
transmitter  and  receiver  are  430  mVpp  and  410  mVpp, 
respectively.  The  measured  -6  dB  fractional  bandwidth  for 
the  transmitter  and  receiver  were  55.2  %  and  35.6  %, 
respectively.  The  measured  performances  of  transmitters 
were  in  agreement  with  the  simulation  results.  Aliasing 
echoes  were  not  measured  at  the  echoed  signal  of  receivers, 
which  means  the  dual-isolation  layers  were  properly 
designed  and  fabricated.  During  the  pressure  mapping  test, 
the  peak  negative  pressure  at  the  far  field  was  about  -1.5 
MPa  (Fig.  6),  which  is  similar  to  the  estimated  pressure  (6.1 
kPa  with  a  2-cycle  of  1  Vpp  sinusoidal  excitation).  This  is 
high  enough  to  excite  microbubbles  for  nonlinear  responses 
due  to  a  relatively  high  mechanical  index  (MI)  of  1.01  [3].  In 
addition,  the  pressure  mapping  result  showed  that  there  is 
almost  negligible  disturbance  by  the  receiver  in  the  acoustic 
field. 


Prototj  pc  1,  Tx,  210  mV,  61. 1  % 


ProtoWpe  1,  Rx,  430  mV',  45.1  % 


Fig.  5.  Pulse  echo  test  results  of  prototype  1  and  2  with  an  impulse  excitation 
of  1  and  2  pJ  for  the  receiver  and  transmitter,  respectively;  (a-d)  the  peak-to- 
peak  echo  amplitude  and  -6dB  fractional  bandwidth  of  each  part  were  shown 
in  the  title  of  subfigures. 


Isolation  layer  2 

Fig.  6.  Pressure  mapping  results;  (a)  along  axial  direction,  (b)  along  lateral 
direction. 


Fig.  4.  The  transducer  prototypes;  (a)  Prototype  transducer  housed  on  the 
tip  of  a  16-gauge  needle,  (b)  Cross  sectional  view  of  the  center  part  of  the 
transducer. 
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C.  Contrast  Test  Results 

The  case  of  water  in  a  micro-cellulose-tube  was  tested 
first.  When  water  was  injected  into  the  micro-cellulose-tube, 
no  signal  reflected  from  the  tube  was  measured  (Fig.  7  (a)), 
since  almost  all  the  waves  are  transmitted  through  the  tube 
filled  with  water.  A  2  MHz  frequency  component  in  a 
spectrum  (Fig.  7(b))  was  attributed  to  the  initial  excitation 
signal.  For  the  case  of  air  injected  into  the  micro-cellulose 
tube,  the  reflected  waves  from  the  tube  due  to  the  large 
acoustic  impedance  difference  between  water  and  air  were 
detected  by  the  high  frequency  receiver  (Fig.  7  (d)).  The 
frequency  spectrum  showed  that  the  received  signal  has  no 
harmonic  components  but  scattered  only  the  fundamental 
transmitting  frequency.  When  the  diluted  microbubbles  were 
pumped  through  the  tube,  the  receiver  successfully  detected 
the  fundamental  reflection  and  super  harmonic  responses 
from  the  tube  filled  with  microbubbles  (Fig.  8).  The  peak 
amplitude  in  the  raw  signal  was  slightly  reduced  in  the  case 
with  microbubbles,  but  the  frequency  spectrum  showed 
distinctive  harmonic  components.  The  intended  receiving 
frequency  components  (~14  MHz)  were  present  in  the 
frequency  spectrum  (Fig.  8  (b)).  The  filtered  signal  has  a 
discemable  peak  but  the  amplitude  was  not  high  (5  mV)  in 
comparison  with  the  noise  signal  (Fig.  8  (c)).  Thus,  the 
bubble  response  was  measured  with  a  16  dB  gain  and  analog 
high-pass  filter  which  had  a  cut-off  frequency  of  10  MHz 
(Fig.  8  (d)).  With  the  16  dB  gain  the  harmonic  bubble  signal 
showed  higher  signal-to-noise  ratio  (~12  dB,  Fig.  8  (f)). 

IV.  Conclusion 

2/14  MHz  dual-frequency  transducers  were  designed, 
fabricated,  and  tested.  1-3  piezoelectric  composite  is  a 
promising  active  material  for  the  transmitter  of  interventional 
dual-frequency  ultrasound  transducers  due  to  its  low  acoustic 
impedance  and  high  coupling  factor.  With  the  merits  of  the 
1-3  composite  material,  order  super  harmonic  responses 
from  the  micro-bubbles  can  be  detected  during  2  MHz 
excitation,  within  1  mm  total  thickness  of  the  transducer. 
This  will  enable  acoustic  angiography  imaging  through 
deeper  tissue  than  previously  reported  with  4  MHz/30  MHz 
configurations.  Extensive  bubble  tests  with  a  tissue- 
mimicking  phantom  will  be  conducted  for  further  research. 


Fig.  7.  Received  signal  from  the  micro-tube;  (a)  raw  signal  (water),  (b) 
frequency  spectrum  (water),  (c)  filtered  signal  (water,  10  to  20  MHz),  (d) 
raw  signal  (air),  (e)  frequency  spectrum  (air),  (f)  filtered  signal  (air,  10  to 
20  MHz). 


Fig.  8.  Received  signal  from  the  micro-tube  filled  with  bubbles;  (a)  raw 
signal,  (b)  frequency  spectrum,  (c)  filtered  signal  (10  to  20  MHz),  (d)  raw 
signal  (10  MHz  analog  HP  filter),  (e)  frequency  spectrum  (10  MHz  analog 
HP  filter),  (f)  filtered  signal  (10  MHz  analog  HP  filter). 
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